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Abstract
Eukaryotic genomes are densely compacted into chromatin, so that they can be con-
tained in the nucleus. Despite the tight packaging genes need to be accessible for normal
metabolic activities to occur, such as transcription, repair and replication. These pro-
cesses are regulated by a vast number of proteins but also by the level of compaction of
chromatin. The translocation of motor proteins along DNA produces torsional stress
which in turn alters chromatin compaction both upstream and downstream. Few single-
molecule studies have investigated the behaviour of nucleosomes when subjected to tor-
sion. The inability to measure the applied torque though represented a major limitation
to those reports.
The implementation of the rotor bead assay, which allows to directly measure the
torque applied in magnetic tweezers experiments, has been hindered by a difficult sam-
ple preparation procedure. In order to overcome this limitation an efficient protocol for
the insertion of chemical or structural modifications in long DNA substrates was devel-
oped. This was then further expanded to allow the introduction of labels in multiple
loci and/or both strands and has been used successfully in a number of studies.
Furthermore this is the first report of tensile experiments performed on nucleosomes
with a histone variant. H2AvD nucleosomes were studied due to the interest in the
biological role of H2A.Z-family proteins. Interestingly, the variant nucleosomes appear
to bind less DNA and to be evicted from the DNA at lower forces than those observed
for canonical nucleosomes. These findings show an important role for the H2A-H2B
dimers in the mechanical stability of nucleosomes. Furthermore these results are in
agreement with recently proposed models of a dynamic nucleosome, in contrast to the
long-standing view of nucleosomes as static structures.
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Introduction
1.1 The transforming principle
The nucleus was first described in 1719 by Antonie van Leeuwenhoek, when observing
red blood cells from salmon, using one of his hand-crafted microscopes (see Fig. 1.1).
Despite this early observation it was not until 1838 that Matthias Schleiden proposed
that the nucleus might have a role in generating new cells. Then during the second
half of the 19th century Oscar Hertwig demonstrated that the nucleus is responsible for
heredity. Due to the large protein content of the nucleus it was believed that this kind
of molecules were the carriers of the genetic information. This was further supported
by the notion that DNA, having far fewer building blocks, was too simple to encode
the secret of life. DNA was instead seen as the scaffold for a protein genome. This view
persisted even after the publication by O. Avery, C. MacLeod and M. McCarty in 1944
that DNA was the “transforming principle” (1). This was the entity responsible for
transforming non-virulent Streptococcus pneumoniae strains to virulent ones, as shown
by F. Griffith (2). Avery and colleagues were met by much criticism and the scientific
community was really only convinced that proteins were not the genetic material when
A. Hershey and M. Chase could prove so in a seminal study (3). They labelled proteins
and DNA of bacteriophages radioactively, with sulphur-35 (35S) and phosphorus-32
(32P) respectively. They then infected bacteria with these phages and they found only
32P inside the cells, while 35S was in the bacterial growth medium. In 1953 J. D.
Watson and F. Crick presented their model for the structure of DNA (see Fig 1.1) (4).
The right-handed double helical model fitted the idea from N. Koltsov that the genetic
material might be replicated in a “semi-conservative fashion” and was supported by the
data published concomitantly (5, 6). Finally histones, the main protein constituents of
chromatin, were relegated to being responsible for solely compacting the large genomes
in the small nuclei of eukaryotic cells. This view remained until the 1980s, only then
M. Grunstein showed that histones are regulators of gene activity and this lead to the
importance of chromatin being re-evaluated in the 1990s (7).
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Figure 1.1: (a) The earliest representation of cells and nuclei, drawn by Antonie van
Leeuwenhoek in 1719, and (b) the schematic representation of DNA structure as first
published by J. D. Watson and F. Crick in 1953 (4).
1.2 Chromatin
Chromatin is a macromolecular complex constituted of DNA and proteins, found in
the nucleus of eukaryotic cells. The DNA is subdivided into a number of chromosomes
which are only distinguishable during cell division. During the rest of the cell cycle
chromatin is less compacted. It fills the nucleus entirely and no particular structural
geometry is visible. Although this does not apply to every cell type, it is possible
though to distinguish areas of darker and lighter matter. This indicates a different
level of compaction of the chromatin. The darker areas are called heterochromatin.
The chromatin here is highly compacted and most genes present within its DNA are
silent. The lighter and less densely packed areas are euchromatin. The genes there are
more accessible and actively transcribed (see Fig. 1.2). The presence of developmental
stages and different cell types in eukaryotes requires the selective regulation of gene
according to time, space and a wide range of signals. Dynamically shifting the domains
of eu- and heterochromatin over the genome, cells are able to control the expression of
genes as required.
1.2.1 Nucleosomes
The basic building block of chromatin is the nucleosome. It is constituted of DNA
which is wrapped around a core of proteins called the histone octamer (nucleosome
core particle - NCP). The four core histone proteins H2A, H2B, H3 and H4 are present
twice each. They are small (<15 kDa) and all fold together in their characteristic
histone motif (helix-strand-helix), despite their limited sequence similarity. They form
a globular structure, in the shape of a flat cylinder with a diameter of approximately
10 nm (8). On the side of this protein disc there is an unusually high concentration
of positive charges, these are to mediate the bonding to the negatively charged DNA.
The DNA is wrapped around the octamer in a left handed manner and 145-147 base
pairs are wound in 1.65 superhelical turns. The 14 contact sites of the DNA with the
2
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Figure 1.2: Eu- and heterochromatin. (a) In nuclei it is sometimes possible to distinguish
the darker heterochromatin and the lighter euchromatin regions. (b) Generally speaking
in euchromatin genes are expressed while they are repressed in heterochromatin. (c) The
expression level of genes is controlled also via the level of compaction of chromatin: a more
open structure facilitates gene access to the transcription machinery.
histone octamer are located within the minor groove (9). The dyad is defined as the
central position along the wrapped DNA, so that positions are named relatively to this
as being ±n base pairs (away from the dyad). N-terminals of the individual proteins
which protrude from the octamer are named histone tails. These tails are flexible and
they harbour post translational modifications (PTMs) which alter their properties. In
this way the strength of the interactions for which they are responsible (with the DNA,
neighbouring nucleosomes or factors affection compaction and transcription) can be
modulated, with implications on transcription, DNA repair, etc... Additionally H2A
has also a short unstructured C-terminal tail (see below). A fifth histone, the linker
histone, then sits on the crossing entry and exit DNA to further compact nucleosomal
arrays. Such a nucleosome is also referred to as a chromatosome.
1.2.2 The 30 nm fibre: a mirage?
The structure of the nucleosome is where the consensus in the scientific community
ends. How then neighbouring nucleosomes are organized to form higher-order struc-
tures is a hotly debated topic. There are two prevailing models which both describe
a similar 30 nm fibre which has been observed in in-vitro reconstituted chromatin but
also in-vivo (11). The difference lies in the way that the nucleosomes are organized
and how the linker DNA connects them together. The solenoid model (12) proposes a
one start helix with about 6 nucleosomes every 11 nm (this dimension is the diameter
of a nucleosome and is used as a unit for chromatin fibre length). The nucleosomes
are in contact with their next neighbour along the array and the linker DNA contin-
ues the helical trajectory from the nucleosome. The interdigitated solenoid model (13)
adds to this conformation contacts between nucleosomes from subsequent planes. The
zigzag model (14) instead predicts a two-start helical structure where the linker DNA
3
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Figure 1.3: Schematic representations of (a) the solenoid and (b) zig-zag models of the
30 nm chromatin fibre. Image modified from (10).
is straight and connects successive nucleosomes by crossing over the centre of the fi-
bre (see Fig. 1.3). For over three decades there have been reports supporting either
model. While initially the technology available was not able to resolve any particular
structure in chromatin in histological sections, isolated fibres offered the first clues to
how nucleosomes would compact (15). Despite the evolution of (cryo-) transmission
electron microscopy techniques in-situ specimens have most often yielded no or limited
proof (in nucleated erythrocytes or sperm cells) for a higher-order structure of chro-
matin. The reason for this has been speculated to be the high packaging density of
fibres in the nucleus which end up interdigitating with each other (11). Studies carried
out on isolated fibres have shown fibres of varying degrees of compaction, depending
on salt concentration and the presence or absence of the linker histone (16). The
ability to reconstitute nucleosomal arrays in-vitro has provided further insights into
nucleosomal compaction. The use of repeats of DNA sequences with strong affinity for
binding histone octamers has permitted to create precisely spaced arrays. The most
frequently used sequences are the 5S ribosomal DNA (17) and the synthetic (Widom)
601 sequence (18). Reconstituted arrays were used to demonstrate the influence of the
length of the linker DNA (10, 19), providing support for the interdigitated solenoid
model. It was demonstrated that the histone variants (20), post-translational modi-
fications (21, 22) and histone tails (22, 23) play a role in regulating the structure of
chromatin.
From all the various in-situ observations, isolations and in-vitro reconstitutions a
range of fibres of differing sizes have been described. All of those reports created more
confusion and disagreement regarding chromatin higher-order structure. More recently
though, an interesting hypothesis has been pushed forward according to which various
structures, such as the solenoid, the zigzag and bead-on-a-string might co-exist in the
nucleus (24). Mesoscale coarse grain simulations of chromatin fibres analysed in par-
ticular the effect of the linker histone and Mg2+ ions. The results of the simulations
were in accordance with the EM-assisted nucleosome interaction capture (EMANIC)
4
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experiments by which inter-nucleosomal interactions were probed. They show a ≈20%
proportion of nucleosomes with bent linker DNA bound to the neighbouring nucleo-
some. This is due to the presence of Mg2+ which reduces the persistence length of
DNA and is permissive to interactions mediated by histone tails. The majority of the
nucleosomes though exhibited straight linker DNA and interactions with nucleosomes
further along the array. The authors explain that the presence of bent linker DNA
reduces the repulsive forces otherwise created by crossed (straight) linker DNA, and
this allows greater compaction of fibres. Additionally they argue that a mixed fibre
with both conformations might be better inclined to accommodate the stresses imposed
by the winding and unwinding of the DNA, necessary for gene expression and its regu-
lation. Indeed such a heterotypic model is particularly interesting as it could account
for the contrasting evidence shown in the past by different labs, with often different
experimental conditions or simulation parameters.
1.2.3 Histone code
Chromatin is not only the form in which genes are compacted into the nucleus, but
in fact the functional form of the genome, where the DNA is compacted and where
access to it is regulated by the intervention of proteins. A functional genome is a
dynamic entity, its eu- and heterochromatin domains often shifting and genes being
expressed according to need. The differential expression of genes requires access to the
coding sequences, in a controlled manner. Therefore decompaction of chromatin needs
to occur, followed by the recruitment of the transcription machinery. Additionally
there are also mechanisms by which the transcription is then augmented or suppressed
through feedback loops in response to external stimuli. Likewise, other basic functions
of genomic metabolism such as replication or repair need the same level of dynamic
control.
Macrostructures such as the 30 nm fibre or even larger globules and fractal do-
mains of chromatin fibres have been proposed (25, 26), but the assembly of chromatin
starts with the most minute constituents. The histone tails, ions, linker DNA and
many other small elements contribute in a concerted manner to the structure of chro-
matin. It is therefore not surprising that these are responsible for the largest part
of the dynamisms that characterizes chromatin. There are presently many ongoing
attempts to elucidate the way that these elements function in molecular detail. Modi-
fications which are added by enzymes to proteins bring new functionality compared to
the bare amino acid structure. On histone tails these include lysine acetylation, lysine
or arginine methylation, serine or threonine phosphorylation, etc. The combination of
these molecular signals, termed the “histone code” (27), is recognized by other pro-
teins which then mediate or initiate subsequent events. The differentiation between
eu- and heterochromatin is mediated also by the deposition of modifications on histone
tails (in addition to DNA methylation). Acetylation of H3, H3K4 methylation and
H3K9 demethylation are markers for euchromatin while H3 deacetylation and H3K9
methylation are markers for heterochromatin.
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Figure 1.4: Important features of H2A and its variants are highlighted on a structure
of the nucleosome (PDB ID: 1AOI). L1 loops (magenta), acidic patch (cyan) and docking
domain (orange). DNA is depicted in grey, H2A in yellow, H2B in red, H3 in blue, H4 in
green. Image from (28).
1.3 Histone variant H2A.Z
Canonical histones (H2A, H2B, H3 and H4) are rapidly expressed during the S phase
of the cell, in large amounts in preparation for the duplication of the genome for cell
division. Histone variants instead are expressed throughout the cell cycle and add
another level of information to the genome. These are histone proteins which have
diverged during evolution from the canonical ones (for a complete phylogeny see (29)).
The mutations are found at positions that are responsible for interaction with other
histones or DNA. Their evolution might be explained by the impossibility to apply
post-translational modifications to sights located within the octamer, as for example
at the interface between H2A and H3.
H2A in particular has a large number of variants, some of which are found in
almost all eukaryotic organisms (30). H2A.Z is one of those which has only about
60% sequence similarity across species to the canonical H2A, but about 90% sequence
conservation. It has attracted much attention in recent years as contrasting results
have been published, rendering the elucidation of its role particularly difficult (31). Its
importance is demonstrated by the lethality of a double negative mutation in mice (32)
and major detrimental effects in other organisms (33, 34). It appears to have different
roles in different organisms (35). This might be explained by the fact that, despite the
high structural similarity (8, 36), the sequence discrepancies are located at important
6
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Figure 1.5: Alignment of the protein sequences of D. melanogaster histone proteins
H2A and H2AvD (accession numbers NP 724343.1 and NM 079795.2). Interface loci are
highlighted: L1 loop in magenta, acidic patch in cyan and docking domain in orange.
Structural features (alpha helices) are indicated below by grey boxes (8, 28). Essential
functional regions are indicated by yellow boxes (33).
interface loci (see Fig. 1.5).
One such locus is the C-terminus which comprises the docking domain, the site of
interaction with the (H3-H4)2 tetramer. Here H2A.Z forms less hydrogen bonds to H3,
making it a less stable contact than with canonical H2A.
The C-terminus also includes the acidic patch of H2A.Z (region M7, as defined
by (33)), which is extended and mediates stronger contacts with the positively charged
N-terminal tail of H4 histones of neighbouring nucleosomes within the same fibre, while
inter-fibre contacts are reduced (37, 38). This might be aiding the folding of the chro-
matin fibre, despite the lesser affinity for linker histone H1 of H2A.Z nucleosomes
compared to canonical ones. The lower affinity is explained by the DNA entry/exit site
being also in contact with a portion of the C-terminus of H2A.Z. The other C-terminus
region termed M6 (see Fig. 1.5) is important for interaction with the chromatin remod-
elling complex SWR-1 which is involved in the targeted deposition of H2A.Z.
The L1 loop is another region of divergence between H2A and H2A.Z. It binds to-
gether the two dimers possibly further stabilizing the nucleosome. Particularly homo-
typic H2A.Z nucleosomes have more interactions between dimers than canonical ones.
Heterotypic nucleosomes with an H2A.Z-H2B and a canonical dimer were thought to
be too unstable to exist in-vivo (36). It was later shown (in Drosophila melanogaster)
that heterotypic nucleosomes do exist, carrying one copy of H2AvD (the fly orthologue
of H2A.Z) and one of H2A. These were uniformly distributed along the entire genome
and that transcription turns them into homotypic H2AvD nucleosomes (39). This was
explained as the result of polymerases destabilizing dimers from nucleosomes. The fact
that H2A.Z homotypic NCPs are more stable than heterotypic ones might be the reason
why they are enriched in coding regions.
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Figure 1.6: Schematic representation of the model by Greaves et al., which hypothesises
that there might be competition for binding the acidic patch of H2A.Z between H4 tails
of nucleosomes from the same fibre or other fibres. Binding a nucleosome from the same
fibre will give a compact secondary structure. Contact with a nucleosome from another
fibre will instead lead to oligomerization, inhibiting the compaction of single fibres. Image
from (28).
1.3.1 H2A.Z and transcription
A model to explain the role of H2A.Z in chromatin structure has been recently put
forward (40). This model hypothesises that there might be competition for binding
the acidic patch of H2A.Z between H4 tails of nucleosomes from the same fibre or
other fibres. Binding a nucleosome from the same fibre will give a compact secondary
structure. Contact with a nucleosome from another fibre will instead lead to oligomer-
ization, inhibiting the compaction of single fibres (see Fig. 1.6). This model was also
then shown to work for H2A.Bbd, another H2A variant (20). The authors also showed
that oligomerized chromatin supported transcription while a compacted fibre impaired
it.
It was estimated that (in Saccharomyces cerevisiae) ≈75% of H2A.Z is enriched
at promoter regions but also that only ≈37% of promoters carried an H2A.Z nucleo-
some (41). In agreement with these results, also ≈66% of promoter nucleosome free
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regions (NFRs, also known as nucleosome depleted regions) were found to be flanked
on both sides by H2A.Z nucleosomes in yeast (41, 42) and human cells (43). On the
contrary, in Drosophila melanogaster (44) H2AvD nucleosomes were found only down-
stream of the transcriptional start site (TSS). The recruitment of such nucleosomes was
shown to be mediated by NFR itself (45) and required for the re-activation of silenced
genes (46). The occupancy of H2A.Z nucleosomes at the promoter was inversely cor-
related to the level of gene activation in yeast (41, 42) but proportional in human and
fly (43, 44). It also was noted that genes involved in environmental or developmental
responses were repressed by H2A.Z enrichment in the coding region (47, 48), while
DNA methylation prevented H2A.Z deposition on constitutively expressed genes (48).
A recent in-vitro study looked at the influence of H2A.Z or H3.3 containing nucleosomes
on transcription (49). Using T7 RNA Polymerase it was found that H2A.Z inhibited
transcription. This result demonstrates that despite the much work done to unravel
the interplay between chromatin and the transcription machinery (50), there is still a
considerable lack of understanding (31).
1.4 Single molecule studies of chromatin
Single molecule techniques have also been employed in the past decade to help unravel
the mysteries surrounding chromatin (51, 52). The single-molecule approach includes
a range of different techniques, from magnetic/optical tweezers to single molecule flu-
orescence, atomic force microscopy (AFM) and more (53, 54). The principle is that
the properties of individual molecules can be probed, instead of the average ensemble
values as can be deducted from more traditional bulk experiments. This is typically
achieved by low sample concentrations, small probing volumes, high spatial and tem-
poral resolution and targeted functionalization of substrates.
Force spectroscopy involves applying a force to the molecule of interest while observ-
ing the effects, manifested for example as changes of length over time. Single-molecule
force spectroscopy methods have been applied to study the structure of chromatin fibres
and nucleosome (dis)assembly (51), but also the influence of nucleosomes on the tran-
scription of genes (55). For an introduction to magnetic tweezers and single-molecule
Förster resonance energy transfer (FRET) please see section 1.4 .
1.4.1 Chromatin under tension
The first report of single-molecule force spectroscopy on nucleosomes was published
already in year 2000, by Bustamante and co-workers (56). They used chromatin fi-
bres isolated from chicken erythrocytes and probed their response to tension. They
performed multiple iterations on each fibre and performed experiments at low (5 mM
NaCl) and high (40 and 150 mM NaCl) salt concentration. The experiments were per-
formed across three different force regimes (<7, 7-20, >20 pN) and both reversible and
irreversible extension were observed. At the lowest forces the chromatin fibres could
be stretched and relaxed producing the same force/extension curve. At intermediate
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forces relaxation of fibres revealed a hysteresis where distal internucleosomal interac-
tions are broken and not reformed under tension (>5 pN). The hysteresis was reduced
in consecutive extensions, due to the fact that (most of) internucleosomal interactions
were already broken and so lower forces were necessary for stretching fibres. The other
phenomenon contributing to fibre extension and showing an elastic behaviour was pos-
tulated to be the alignment of nucleosomes along the direction of the force, effectively
breaking the original secondary arrangement.
At forces beyond 20 pN, the detachment of the protein octamer from the DNA
occurred. This was manifested as an irreversible but no complete increase in length:
not all nucleosomes were released even if subjected to ≈65 pN. Subsequent extensions
showed a longer molecule which still contained a portion of the nucleosomes.
The same experiments performed in higher salt concentration exhibited a similar
behaviour: the stiffness of the chromatin fibres was higher and so the hysteresis was
more pronounced. This was possibly due to an increased initial compaction, thanks
to a screening of charges by the ions reducing the electrostatic linker DNA repulsion.
Additionally when extending the molecules a marked increase in length occurred around
5-6 pN. This showed as a plateau in the force/extension plots and represented the
disruption of proximal nucleosome interactions.
The authors also stated the stretching modulus for nucleosomal arrays to be 5 pN,
much smaller than that of DNA (≈1000 pN) and computed the binding energy for
a nucleosome to be ≈3.4κBT. Theoretical modelling provided 3.8κBT in agreement
with the experimental estimate. While this study is a remarkable first description of
the behaviour of chromatin fibres under tension, not much could be determined about
the fate of the single nucleosomes.
In another study nucleosomal arrays were reconstituted on phage λ DNA, from
Xenopus laevis egg extracts. Discreet, sudden elongations of the molecules under force
were recorded which released ≈65 nm of DNA or multiples (130 and 195 nm) (57).
These sudden extensions were reported to be irreversible in agreement with the previous
experiments. One notable difference in the material used is the lack of linker histones
in frog eggs, which was thought to be the reason why discreet events were not reported
previously.
In an attempt to simplify the experimental setting, nucleosomal arrays were re-
constituted on repeats of the 5S rRNA, albeit using histones extracted from chicken
erythrocytes (58). These present non-uniformly distributed post-translational modifi-
cations which might have influenced the results. Upon stretching, a bipartite release
of DNA from nucleosomes was reported. (i) At low forces the entry and exit DNA
was gradually peeled from the protein core (outer turn, 76 bp of DNA in total). (ii)
Above 15 pN discreet rupture events released ≈27 nm (equal to 80±1 bp), even after
protein cross-linking. The inner turn of DNA disassociated from the histones. The
abrupt rupture events were reported to be due to the strong DNA-octamer interactions
at ±40 bp from the dyad.
In order to better characterize the disruption of nucleosomes experiment were per-
formed on single nucleosomes (59). An initial gradual unwrapping of DNA was also
10
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Figure 1.7: Nucleosomes under tension. (a) Force-extension plot of data recorded exerting
force on a nucleosomal array, using optical tweezers. The disruption of the inner turn of
DNA from the histone cores is seen in the high force range as a sawtooth pattern. Image
adapted from (58). (b) Graphical depiction of the unwrapping of DNA from the histone
octamer (spool). Each step causes an extension of the molecule and a reorientation of the
nucleosomal particle. Image adapted from (59).
reported and was sensitive to the ionic conditions. It was postulated that the limited
stability of the outer turn DNA binding was due to repulsion of the inner turn DNA.
Additionally a quasi-two state process was used to describe the unwrapping. Two ther-
mally more stable states (wrapped and unwrapped) were found in the unwrapping of
the first 0.65 turns of DNA. The presence though of intermediate states showed that
it was not a real two-state process but rather the presence of two preferred states was
said to be due to the geometrical constraints imposed on the nucleosomes by the ex-
perimental setup. The entry and exit DNA of nucleosomes was pulled in opposing
directions. The unwrapping of DNA from the protein core required the nucleosome to
rapidly re-orient itself, effectively turning a gradual process to an abrupt transition (see
Fig. 1.7).
A full map of the nucleosome’s DNA-octamer interactions was drawn, with accuracy
below 2 bp (see Fig. 1.8), revealing in great detail how the individual contacts stabilize
the particles (60). This was achieved via the unwinding of the DNA by pulling apart
the two strands, from the same side of the nucleosome. It was possible to discern the
binding of two minor groove contacts every 10-11 bases, one per strand. Structural
information had led to propose a common contact for both strands every ≈10-11 bases
and it was shown that polymerases exhibit pausing at 10-11 base intervals (61). As
pointed out by the authors of the work, the 5 base periodicity has possibly no biological
relevance and was detected only because of the peculiarity of the unwrapping method
used. Nevertheless the study provided precious insight, adding also quantitative data
about the strength of the mapped interactions. Three distinct regions were identified,
corresponding to the outer DNA (Regions 1 and 3) and the inner DNA (Region 2).
Region 2 showed the strongest interactions, in agreement with previous reports (58)
and also confirming the possibility of a gradual release of the inner DNA (59).
The contribution of histone tails to nucleosomal stability was probed by measuring
the forces necessary to disrupt tail-less nucleosomes (62). These exhibited lower stabil-
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Figure 1.8: Map of DNA-octamer contacts. (a) Coloured dots indicate the location of
contacts between the DNA and the individual proteins. The colours of the dots indicate
which protein makes contact (H2A yellow, H2B red, H3 blue and H4 green). (b) Data
recorded during the unzipping of DNA from single nucleosomes. Dwell times are mapped
compared to the dyad position. Furthermore the contacts to the α-helices and Loops of
the histone proteins are indicated above. Image adapted from (60).
ity and similarly also tail acetylation reduced the forces compared to those necessary
to evict un-modified octamers with tails. Furthermore, it was shown that the location
of PTMs has an effect on the unwrapping of DNA from the octamer or its disassoci-
ation (63). Nucleosomes were reconstituted with acetylated histones H3 or H4. The
results show that only the acetylation on H3 close to the dyad (proximal) resulted in the
loss of nucleosomes, in tweezers experiments where tension was applied. Acetylations
on either H3 or H4 further away from the dyad (distal) had no effect on nucleosome
loss, but did improve accessibility to the DNA for transcription factor binding and
enzymatic restriction.
The low concentration of samples used in single-molecule experiments was suggested
to be deleterious (64). It was shown that tensile experiments contained a minority of
steps of ≈50 nm. This population was absent when octamers were substituted for
tetramers, which released instead 25 nm as shown before. It was therefore concluded
H2A-H2B dimers are most often lost in solution. In the sporadic event of an intact
(octameric) nucleosome 50 nm of DNA are released. The possible loss of dimers is an
issue which has not been investigated thoroughly since, despite the importance of the
issue. The fate of dimers during transcription is much debated, as it was suggested
that the dimers are removed from nucleosomes to permit the passage of polymerases
while the histone tetramers remains bound to the DNA. If other studies (58, 59) show a
gradual peeling of the outer turn DNA from nucleosomes, then the loss of dimers must
occur after this process. If a loss of dimers does occur as reported (64), what holds
them stably attached to the tetramer during the peeling of the DNA? Clearly more
work is necessary to understand exactly what happens during tensile experiments and
which factors effect the stability of nucleosomes. Yet more important, is to understand
how can the nucleosome allow DNA transcription, replication and repair to occur.
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Figure 1.9: Schematic representation of nucleosome (dis)assembly according to the model
by Boehm et al.. The DNA is represented by the black line, the tetramer is grey and the
dimers yellow. Initially all histones remain bound to the DNA but the octamer breaks
open. The binding of dimers to the tetramer is thought to loosen at the H2A/H3 interface.
Image adapted from (65).
1.4.2 Open nucleosome
The open nucleosome is a model which was proposed recently whereby initially all
histones remain bound to the DNA but the octamer effectively breaks open (65). This
was formulated based on a study in which the distances between H2B or H4 and
different loci on the DNA within nucleosomes were monitored by means of FRET.
The molecules were labelled and their fluorescence monitored in solutions of increasing
ionic strength. The results showed that the first distance change was between the DNA
at the dyad and the H2A-H2B dimer while the (H3-H4)2 tetramer remained stably
bound. This was interpreted as a loosening of the contact between the dimer and the
tetramer, while the dimer remained bound to its portion of the nucleosomal DNA.
Following the disassociation of the dimer, only then did the octamer start to separate
from the DNA. The reverse process was shown in nucleosome assembly: the tetramer
was shown to bind the DNA alone, followed then by the dimers. The model was
further supported by fluorescence correlation spectroscopy (FCS) and by estimating
that the number of ion pairs involved in the dimer/tetramer contact. There are less
ioninc bonds at the dimer/tetramer interface (4±1) than those binding the dimer to
DNA (11±1) and the two H4 histones to the DNA (23±2, 24±2). The earlier loss of
dimers could explain the higher rate at which they are exchanged, compared to the
octamer (66). At physiological conditions the number of open nucleosomes is limited
to 0.2%-3% of the total, for canonical histones (65). This could though be different
where PTMs and/or histone variants are present. For example, given the reduced
stability at the dimer-tetramer docking interface but the stronger interaction between
dimers (36), a homotypic H2A.Z nucleosome might be less susceptible to dimer loss but
might more likely form the open nucleosome, where dimers and tetramers are bound to
the DNA but not to each other (28). Studies show that octamers are not very stable at
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Figure 1.10: Twisted chromatin. (a) Schematic representations of negative closed, open
and positive closed nucleosome conformations and the relative linking number (69). Front
and side views of (b) a canonical nucleosome and (c) a reversome. Entry and exit DNA
locations are marked 1 and 2 respectively. Image adapted from (70). (d) The rotor bead
assay enables to determine the torque in a magnetic tweezers system. The reporter rotor
bead is bound internally to the trapped molecule.
physiological conditions (64, 67). Furthermore also mutations or variants (68) have an
effect on octamer stability. However, these observations are in contrast with the view
of nucleosomes resulting from single-molecule tensile experiments. The peeling of DNA
from the octamer induces to see the protein core of nucleosomes as a solid monolithic
structure. Different experimental approaches might be highlighting different features
of the nucleosomal structure. A model which unites the apparently discordant views of
a monolithic and a dynamic nucleosomes is still missing.
1.4.3 Twisted chromatin
Torsional stress is produced by motor proteins that translocate along DNA and alter
the compaction of chromatin fibres (71). Little is known about the torsional response
of nucleosomes and chromatin fibres, but it has been shown to have important regu-
latory functions (72, 73). The torsional persistence length of a nucleosomal array was
determined to be only ≈5 nm, much smaller than the 80 nm for DNA (69). This was
possible due to the fact that magnetic tweezers allow to twist the bound molecule. A
new model was formulated to describe the structure of chromatin, based also on the
earlier finding that nucleosomes exist in three states (74). These states relate to the
conformation of the entry/exit DNA and are: (i) open, no crossing of the DNA and
linking number ∆Lk ≈ -0.7; (ii) closed negative (∆Lk ≈ -1.4) and (iii) closed positive
(∆Lk ≈-0.4 - see Fig. 1.10a). The model postulated accordingly that nucleosomes exist
in these three conformations and the relative abundance of each varies with the torsion
applied. Furthermore the model predicted the torque as a function of the applied twist.
The structure of chromatin was thought to act as a topological buffer, an array of 50
nucleosome is believed to be capable of storing the torsion created transcribing 100 bp.
Further transcription would require the action of topoisomerases to prevent reaching
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the stalling force of polymerases.
A later study brought new observations concerning the behaviour of nucleosomal
arrays under torsion (75). When alternating between positive and negative torsion, a
hysteresis was observed. No hysteresis was observed when the same experiment was
performed on H3-H4 tetramers. This indicated that the nucleosomes can store the
torque and release it slowly. This was explained as a structural transition whereby
the left-handed nucleosomes became right-handed, this structure called the reversome
(reverse nucleosome, see Fig 1.10b-c). The energy barrier for the switch was calculated
to be <8κBT and believed to be low enough to occur in order to permit passage to
translocating polymerases. The transition might propagate ahead of polymerases, as a
“reversome wave”.
The work was successively extended to include the linker histone H5 (76). It was
shown that the presence of the linker histone is of no hindrance and so the reverse
nucleosome model became the reverse chromatosome model. The reversome (or reverse
chromatosome) model is attractive as it is compatible with the view of (i) a (monolithic)
nucleosome which does not easily lose its dimers and (ii) that of a nucleosome which
can undergo structural rearrangements, in agreement with un unstable octamer.
The two studies described above (69, 75) contributed a new model by which to ex-
plain the torsional properties of chromatin, which is an important step in understanding
how torsion affects gene metabolism. A major limitation to these studies however is
that the torque values were estimated. Therefore these models should be considered
qualitatively rather than quantitatively: the torque estimations need to be confirmed
by direct measurements (52).
An approach to measure torque came from work done on bare DNA (77, 78).
Molecules were trapped in an optical tweezers setup and subjected to tension and
torsion. A reporter was added in the form of a covalently bound fluorescent particle
along the side of the DNA (see Fig. 1.10d). The fluctuations of the reporter particle,
called the rotor-bead, were tracked and used to determine the twist torque relation
in DNA. The torsional modulus of DNA was computed and torque-induced structural
transitions. The same approach was later applied to study the action mechanism of
DNA gyrase (79, 80).
1.5 Single molecule techniques
1.4 Single molecule techniques have recently found many applications in the study of
biological systems, particularly where the classic bulk biochemical or genetic techniques
could not provide new insights. Here the techniques used for the experimental work
described in this thesis are reviewed. AFM was applied to show the targeted internal
labelling of DNA and the branched DNA molecules created. These were achieved apply-
ing the technique developed in the frame of this project and described below. FRET was
used to demonstrate the selective labelling of each strand in DNA molecules. Finally
magnetic tweezers (MT) were used to probe the mechanical properties of chromatin
fibres. Additionally, in this section the worm-like chain model is introduced for its
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Figure 1.11: Atomic force microscopy. A cantilever scans the surface of the sample.
A laser beam is reflected off the tip of the cantilever on to a photodiode. This signal is
translated to height information which is used in a feedback loop to control the height of
the cantilever.
fundamental importance in force spectroscopy on DNA.
1.5.1 Atomic force microscopy
AFM is a scanning microscopy technique with sub-nanometre resolution. Samples are
imaged by scanning the surface with a cantilever. The cantilever is deflected upon
contact with the sample or by electrostatic repulsion. The deflections of the cantilever
are monitored. For this a laser beam is reflected off the tip of the cantilever, towards
a four-quadrant photo-diode. The movement of the reflected laser over the four quad-
rants is recorded and interpreted as height information. Lateral displacements of the
scanning head are directed by a computer and combined with the height information
to produce topographical data (see Fig. 1.11). Furthermore AFM can also be used for
force spectroscopy (81) and real time imaging (82) (not applied nor covered in this
work). Biomolecules can be imaged after adsorption to a mica surface. The solution
in which the sample is contained can be air-dried causing a flattening of molecules to
the surface. Alternatively the solution can be preserved, the imaging performed with
the cantilever tip immersed and so the biomolecules can be imaged in a physiological
environment. Most often the “tapping mode” is used where the cantilever is being
oscillated with a constant amplitude.
1.5.2 Förster resonance energy transfer
Förster resonance energy transfer FRET is a fluorescence technique which allows to
probe the proximity of a pair of fluorescently labelled molecules (see Fig. 1.12). The
labelled molecules need to carry fluorophores that exhibit an overlap between the emis-
sion spectrum of one (donor) and the excitation spectrum of the other (acceptor). If
the donor is excited the energy is transferred to the acceptor molecule which fluoresces,
while the donor fluoresces considerably less than if it was isolated. The efficiency
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Figure 1.12: Förster resonance energy transfer. (a) Upon excitation, the donor emits
fluorescence if the distance to the acceptor is large. (b) The energy transfer can occur
when donor and acceptor are in close proximity, the acceptor then quenches the donor and
emits the energy in the form of fluorescence of a longer wavelength. (c) For the energy
transfer to occur there must be spectral overlap between the emission of the donor and the
emission of the acceptor. (d) The Förster radius is defined at the distance at which the
energy transfer has 50% efficiency.
with which the energy is transferred is in direct relation to the distance between the
fluorophores (83, 84). This technique is useful for determination of the dynamics of
molecular interactions in the 4-10 nanometre range.
1.5.3 Magnetic tweezers
Magnetic Tweezers (MT) are a micro-manipulation tool which makes use of (perma-
nent) magnets to exert a force on microscopic superparamagnetic particles (85). Illumi-
nation, magnets and sample are often built over an inverted microscope which allows to
detect the movements of the particles in all directions. Magnetic beads are bound most
often to a DNA molecule. This also binds the surface of the glass slide placed over the
microscope’s objective. The immobilized DNA-bead complex behaves like an inverted
pendulum in the presence of a magnetic field. The oscillations of the “pendulum” occur
in all directions, as a result of Brownian motion, and are slowed down by the viscosity
of the solution.
The applied force, which acts along the magnetic field gradient, can be altered by
changing the distance of the magnets to the sample. Increasing the force causes the
DNA molecule to extend. At the same time the amplitude of the fluctuations of the
magnetic bead is reduced (see Fig. 1.13a). This effect allows to calculate the force ex-
erted on the sample (see below for more detail). Here the standard features of magnetic
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Figure 1.13: Schematic representation of magnetic tweezers. (a) Samples are imaged in
an inverted microscope setup, where the illumination is achieved using a red LED and the
objective is under a glass flow cell. Manipulation is achieved translating and rotating the
permanent magnets above the flow cell. The magnetic beads are trapped by their binding
via DNA to the lower glass surface and by the applied magnetic field. Thermal drift is
corrected for by subtracting the position of an independently track bead (reference bead),
which is unspecifically bound to the surface. (b) tracking of beads is performed in over-
focus, this creates a diffraction pattern of concentric rings which vary in size and number
in dependence to the focal distance.
tweezers as they are built and used in the laboratory are briefly described (for more
detailed information please refer to reference (86). The magnetic field is generated
using a pair of cubic permanent magnets placed at about 1 mm from each other. These
are placed with their polarity oriented in the same direction. As measurements are
performed in (buffered) solutions, a flow-cell is placed above the objective. Sample
illumination is achieved by a red light emitting diode (LED), placed above the manip-
ulation magnets. The light path proceeds through the gap between magnets to cast an
image of the magnetic beads through the objective below. This image is projected onto
a camera, for digital acquisition of the images. The objective is placed on a piezoelectric
stage, whereby its axial position can be controlled. All image analysis is performed on
a personal computer (PC) by self-written software.
Tracking of the magnetic beads is performed in over-focus with respect to the bead
height: in this way a diffraction pattern is seen which is dependent on the focal position
and used for z-tracking (see Fig. 1.13b). Prior to the measurements a set of images of
the magnetic bead in over-focus is recorded to form the “look-up table” (LUT). Such
LUT is then used during the measurement to determine the height of the bead (z axis).
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The displacements in the x and y axis are determined using the centre of the diffraction
pattern as the centre of the bead.
The effect of thermal drift is excluded from the recorded data by the simultaneous
tracking of a so called reference bead. These are micrometre-sized polystyrene beads
which bind (unspecifically) to the glass surface. The subtraction of their coordinates
from those of the magnetic bead allows to cancel out the effect of drift. The final
output are coordinates over time. This translates into extension over time for a tethered
particle.
Forces can be calculated from the mean square displacement (〈x2〉) of the fluctua-
tions of the bead, along one axis according to the equipartition theorem:
Fmag =
(kBT ) · l
〈x2〉
(1.1)
where l is the length of the pendulum, kB is the Boltzmann constant, T is the
temperature. The mean square displacement is determined from the power spectrum.
This also provides a mean to calculate the cut-off frequency and so the drag coefficient
of the bead.
The magnetic beads are made of a polymer in which ferrite nanoparticles are embed-
ded. The ensemble of these magnetic domains makes so that the magnetic beads have
an effective anisotropy, aligning their dipole with magnetic field lines. If the magnets
are the turned the magnetic beads will follow. This feature is of particular interest be-
cause it allows to twist molecules and to exert torque. Only recently this was achieved
in optical tweezers (87).
1.5.4 Worm-like chain model
The worm-like chain model is used to describe quantitatively the behaviour of semi-
flexible polymers. It relates the force (F ) necessary to stretch a polymer to its con-
tour length (L0) and to its flexibility. The flexibility is given as bending persistence
length(p), i.e. the length over which the polymer can be bent to ninety degrees.
F(z) =
kBT
p
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z
L0
)i]
(1.2)
This model has been applied to DNA (88, 89) and adapted to better suit its proper-
ties (90), by the addition of seven correction terms (ai). It has since been used routinely
to verify the force values determined during tensile experiments on DNA, the model is
fitted to force-extension data.
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Aims of the project
The histone variant H2A.Z and its orthologues have attracted much attention in recent
years as contrasting results have been published, rendering the elucidation of their role
particularly difficult. The aim of this work is to investigate whether the influence of
H2A histone variants on the mechanical properties of nucleosomes could explain the
ability of orthologues to fulfil apparently contrasting roles.
A number of tensile experiments has been performed on nucleosomal arrays and
the disruption of nucleosomes under force is relatively well understood. On the con-
trary the behaviour of nucleosomes under torque remains unclear. A major limitation
in the presently available data is the lack of a way to measure torque in real time.
Ideally the rotor bead assay represents the ideal tool for torque measurements but its
implementation is not practical.
In order to investigate the tensile and torsional properties of variant nucleosomes
the fulfilment of following objectives is necessary:
 The improvement of internal DNA labelling procedures, to prepare samples for
the rotor bead assay and render this elegant technique practical to implement.
 The comparison of canonical and variant nucleosomes, to determine the physical
properties responsible for the biological role of H2A.Z and its orthologues.
21
2. AIMS OF THE PROJECT
22
3
Cut and paste method for
internal DNA labelling
Investigations of enzymes involved in DNA metabolism have strongly benefited from
the establishment of single molecule techniques. These experiments frequently require
elaborate DNA substrates, which carry chemical labels or nucleic acid tertiary struc-
tures. Preparing such constructs often represents a technical challenge: long modified
DNA molecules are usually produced via multi-step processes, involving low efficiency
intermolecular ligations of several fragments. Here is described a method to precisely
introduce internal chemical and structural modifications into kbp-sized DNA target
substrates, as are frequently used in single-molecule experiments. It makes use of nick-
ing enzymes that create single-strand DNA gaps (>50 bp), which can be subsequently
filled with labelled oligonucleotides. Modifications can be introduced at distant loci
within one molecule in a simple one-pot reaction. Furthermore the nicks created can
be resealed efficiently yielding intact molecules, whose mechanical properties are pre-
served. Additionally, labelling on both strands at a specific locus was achieved, as
demonstrated by Förster-resonance-energy transfer experiments. This technique offers
promise for a wide range of applications, in particular single-molecule experiments,
where frequently multiple internal DNA modifications are required.
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3.1 Introduction
Single-molecule experiments on DNA have grown in popularity after providing un-
precedented insights into polymer physics (88), molecular motors (91) and other DNA-
interacting proteins (53). Recent technical advances have promoted the development
of instruments which combine techniques in order to allow the simultaneous acquisi-
tion of independent parameters (92, 93, 94). For example optical tweezers have been
used to apply forces in Förster resonance energy transfer (FRET) measurements (95).
As appending a reporter molecule to proteins and nucleic acids has become a routine
practice in a wide variety of applications (96, 97), the challenge has now been shifted to
producing increasingly complex samples with multiple labels at defined loci. This is, for
example, required for the visualization of interacting partner molecules or discerning
the individual players in ensemble reactions. In particular for nucleic acids, there is a
wide variety of approaches to labelling, which have been developed for many different
applications (see Table 3.1 for a comparison of different labelling methods).
While for the preparation of short modified DNA constructs, the annealing of com-
plementary oligonucleotides will suffice (95, 98), this method is not suitable for prepar-
ing long labelled substrates, such as plasmids (99) or constructs used in magnetic and
optical tweezers (79) experiments. Therefore other strategies based on the enzymatic
incorporation of chemically modified bases are in use, such as random inclusion via
PCR (100, 101) or 5’- and 3’-end-labelling (102). Nevertheless, intermolecular ligation
of multiple fragments is by far the most frequently applied method to assemble long
internally labelled constructs (79, 99, 103). These are particularly desirable for single-
molecule biophysics (104, 105) and DNA repair (106, 107) experiments. However, the
procedure rapidly becomes cumbersome and inefficient for the preparation of complex
substrates. This renders it technically challenging to create long constructs carrying
multiple labels at distant loci in sufficient quantity. Moreover, the number of non-nicked
molecules is very low which is a considerable disadvantage in cases where intact DNA is
required, e.g. experiments involving supercoiled DNA (99, 105). Alternatives to inter-
nally label nucleic acids that yield a higher proportion of intact molecules are peptide
nucleic acids (PNAs) (108, 109, 110) and DNA triplex probes (111). Such probes offer
a high degree of flexibility for the positioning of the internal label. Disadvantageous,
however, is the non-covalent and thus to some extent unstable nature of the attachment,
in particular at applied mechanical load. Furthermore, the probe locally changes the
DNA structure, which in turn alters the mechanical properties, and can act as a barrier
for DNA translocating motor enzymes (112). In order to achieve internal covalent and
site-specific labelling, nicking enzymes have been employed. One way to introduce sin-
gle or multiple labelled bases at a specifically generated nick is to use nick translation,
which has been successfully employed in single-molecule DNA barcoding (113, 114, 115).
Alternatively a pair of closely spaced nicking sites can also be used to excise a short
stretch of single strand DNA out of long duplex DNA (116). The created gap can
subsequently be refilled using a chemically modified DNA oligomer (116, 117, 118).
Although this procedure involves a complex purification procedure it nevertheless set
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the trend for a range of studies based on proximal nicking sites. It offers a higher
degree of control during the reaction and an increased flexibility in choice and position
of the desired modification. (119, 120). While well suited for single-molecule genomic
approaches, this strategy is not optimal for those experiments where few modifications
have to be placed and multiple different labels are required. The use of DNA methyl-
transferases to transfer moieties larger than methyl groups to their target sites (known
as ”SMILing” DNA) is a more recently developed internal labelling method (121, 122).
As there is a wide range of enzymes, there is the potential for this approach to become
widely used (123, 124). Limitations, however, include the necessity to synthesize en-
zymatic co-factor analogues, the achievable transfer efficiencies and the limited target
site length of the enzymes (125, 126).
In order to use in the rotor bead assay (79) to study the response of chromatin to
torque, an existing procedure which makes use of nicking enzymes was adapted and its
efficiency improved. Two sequences were purposely designed that consist of a series of
closely spaced, asymmetric-nicking enzyme sites in direct repeat (127, 128). Nicking the
DNA creates small fragments which are easily melted out (129) and replaced by a larger
oligonucleotide which fills the long gap (63 bp) introducing the desired modification(s).
This improved methodology combines specificity and flexibility (regarding the choice
of the label and its location) with the simplicity of a one-pot reaction with very few
steps. The yield of labelled and intact molecules obtained make the method ideally
suited for the production of probes with complex designs or molecules supercoilable
in magnetic tweezers experiments. Furthermore also structural modifications can be
introduced (105, 127). All the work described here has been published in peer-reviewed
journals (127, 128).
3.2 Experimental design
General Scheme
The internal DNA labelling strategy (Fig. 3.1) is based on the introduction of a se-
quence termed replace region (RR) into a target molecule, typically a DNA plasmid.
This sequence contains multiple nicking enzyme sites in direct repeat. Choosing the
asymmetric BbvCI site (Fig. 3.1a) allows either strand to be selectively nicked using the
engineered nicking enzymes Nt.BbvCI or Nb.BbvCI that target top or bottom strand,
respectively. Subsequently, the labelling of a single strand occurs after the release of
the small fragments by heat denaturation to create a gap in the DNA substrate. This
is followed by cooling of the sample in the presence of an insert oligomer that refills
the gap and carries the desired internal label. Using insert oligomers that are phos-
phorylated at their 5’-ends, optionally allows nick resealing by ligation at both sides
of the insert, resulting in a fully covalent DNA modification. A possibility offered by
this approach is the specific labelling of multiple distant loci. This is achieved by using
a DNA substrate with multiple loci containing direct repeats of nicking enzyme sites.
Additionally, optional labelling of the complementary strand is possible (Fig. 3.7c). In
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a
BbvCI
10-11 bp
15-16 bp
63 bp
Biotin
b
Figure 3.1: Schematic representation of the internal labelling method. (a) A DNA
sequence which incorporates five equally spaced BbvCI recognition sites (black triangles)
is nicked only at one of the two strands using either the nicking enzyme Nt.BbvCI or
Nb.BbvCI. This results in the formation of short 15-16 bases long fragments. Denaturation
and subsequent hybridization, in the presence of a DNA strand (shown in red) that is
complementary to the resulting 63 bp gap and that carries the desired internal modifications
(e.g. two or six biotins as depicted), leads to an efficient replacement of the original
fragments with the labeled fragment. The spacing between the internal modifications of
10-11 bp ensures that they extrude in the same direction from the DNA. (b) Model of
a streptavidin tetramer bound to an internally biotinylated DNA molecule (Streptavidin
PDB id: 1MK5; the bound monomer is illustrated as a yellow ribbon while for the other
subunits the surface representation was used. DNA PDB id: 2BNA). The attachment of
the streptavidin tetramer to only one of the biotins was arbitrarily chosen.
this case, the procedure described above is repeated using the mutant enzyme that
nicks the opposite strand, and a second oligomer is used that fills the newly created
gap. In this way both DNA strands can be modified, e.g. to insert fluorescent dyes for
Förster-resonance-energy transfer (FRET), within a large DNA substrate.
Design of the replace region(s)
The replace region has specific requirements that must be met in order to be labelled
in an efficient and specific manner. While the nicking sites must be placed close to
each other to produce fragments of low thermal stability, the insert oligomer with the
desired modification should be longer. This way its higher thermal stability will cause
it to fill the gap upon cooling before any of the original fragments can re-anneal. We
recommend spacing neighbouring nicking enzyme sites by <20 bp. Typically we use
5 repeats of the 7 bp long BbvCI site that are spaced 15-16 bp apart. Using more
than one pair of nicking enzyme sites ensures highly efficient nicking and gapping
of the DNA which practically abolishes contamination from unnicked and ungapped
molecules. Furthermore, the increased thermodynamic stability of the insert oligomer
allows gap formation and labelling to be carried out in a one-pot reaction without
intermediate purifications. Another consideration for the design of the replace region
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is that any strong/moderate secondary structure within this region should be avoided
as this might inhibit the refilling of the created gap with the insert oligomer carrying
the desired chemical or structural modifications. If multiple replace regions are to be
included within one vector, sequence similarities should be reduced as much as possible
to prevent label incorporation at the wrong position as well as recombination events
which will alter the architecture of the target plasmid. For the prediction of secondary
structure and sequence similarities we recommend the DINAmelt web server which
calculates hybridization and melting of nucleic acids (130). The exact position of the
label can be freely determined as virtually any base within the insert oligomer can be
modified (118, 119) and multiple modifications can be included (127).
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Cloning
The sequence of the replace region is introduced into a target plasmid by cloning. From
the target plasmid, a pair of restriction enzyme sites is selected that provide appro-
priate single-strand overhangs after digestion. The sequence of the replace region is
synthesized into complementary synthetic oligonucleotides, such that after hybridiza-
tion complementary overhangs for subsequent ligation are formed. Recipient plasmids
should not contain additional sites recognized by the used nicking enzyme. The usage
of the BbvCI-derived nicking enzymes is beneficial since the recognition sequence is
7 bp long and not part of many standard cloning vectors.
NgoMIV (329)
PspOMI (2990)
BamHI (1436)
Replace region RR2 (660-722)
5x BbvCI
Replace region RR1 (1853-1915)
5x BbvCI
pNL RR2
6354 bp
ORI (0)
BglII (726)
Acc65I (652)
Figure 3.2: pNL RR2 plasmid map. This plasmid contains two regions which carry re-
peats of BbvCI recognition sites (RR1 in yellow and RR2 in magenta). The other restriction
sites indicated were used to cut the plasmid into labelled and unlabelled fragments in the
dual-strand labelling and multi-loci labelling strategies. In parentheses are the positions
relative to the origin of replication (ORI), expressed in base pairs.
Nicking & cutting
As nicking enzymes the usage of the BbvCI-derived nicking enzymes Nt.BbvCI and
Nb.BbvCI that nick the top and the bottom strand, respectively is recommended. This
allows alternative labelling of either the top or the bottom strand or successive labelling
of both strands of the replace region (see Steps 17 and 24). If the final internally labelled
DNA construct is to be linear (79, 119), the cutting of the plasmid DNA to appropriate
length and the nicking can be performed in a single reaction. For this the reaction has
to be carried out in a buffer that supports the activity of all enzymes. Activity charts
of enzymes in alternative buffers are typically available from the supplier. Therefore
planning the choice of used restriction enzymes ahead ensures a minimal number of
steps required to complete the procedure.
The replace reaction
The replace reaction can be performed directly after nicking/cutting, without the need
for an intermediate purification step, which would lead to loss of material. Distant
29
3. CUT AND PASTE METHOD FOR INTERNAL DNA LABELLING
regions can be labelled all in one reaction, if the insert sequences are carefully chosen.
Assessing the results of the procedure
At several stages in the procedure it is possible to verify the correct progression of the
labelling (see Box1 in the appendix for details about the controls used in the procedure).
All of the following methods to do so can be applied for multi-locus and dual-strand la-
belling. Correct nicking of the DNA substrate and the gap formation can be verified by
polyacrylamide gel electrophoresis (PAGE) (127). The insertion of the replace oligomer
can be confirmed in different ways depending on the modification(s) introduced. In the
case of biotin or other moieties for which a binding partner is available, a band shift
assay using electrophoresis or a pulldown can be performed (127). When using fluores-
cent dyes as internal labels, their presence can be visualized in gel electrophoresis by
direct fluorescent excitation or by single-molecule confocal fluorescence spectroscopy.
Oligonucleotide insertion with successful nick resealing by ligation can be assessed for
plasmid DNA by gel electrophoresis in the presence of ethidium bromide. DNA in-
tercalation by ethidium bromide causes supercoiling of the intact molecules which can
be distinguished from nicked molecules by their altered gel migration. Purification of
intact molecules from such gels is a convenient way to obtain pure samples with a high
labelling efficiency.
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3.3 Results
3.3.1 Sequence design and cloning
Two distinct DNA sequences were designed based on the considerations above, each
with five binding sites of BbvCI in direct repeat, which were 15-16 bp apart (see Fig-
ure 3.1 and Table 6.4). Nicks at the BbvCI sites can be introduced using the enzymes
Nt.BbvCI and Nb.BbvCI, which nick either the top or the bottom strand, respectively,
of the recognition sequence. Using these enzymes it is possible to freely choose the
specific strand to be modified but also modify both strands in a sequential manner. I
ensured the absence of strong secondary structures in the replace sequences in order to
facilitate the annealing of modified oligomers. The designed sequences were cloned into
the host vector pBlue24. The resulting plasmids contained one or both replace regions
and were named pNLrep and pNL RR2 (see Fig 3.2 and 6.3 in the appendix for the
sequences).
To internally modify pNLrep it was nicked using Nt.BbvCI followed by addition
of an excess of the oligomer with the internal modification, that would replace the
original 15-16 bp fragments. The sample was heated to 80, subsequently slowly cooled
down to 20 in order to efficiently displace the short fragments and ensure a proper
and efficient hybridization of the oligomers with the modifications. For the latter we
used oligomers carrying 2 or 6 biotin-labelled thymidines, which were 10-11 bp spaced
(Fig. 3.1b and Table 6.4). This ensured that on average all biotins extruded from the
DNA into the same direction, which should improve and facilitate the attachment of
larger objects such as Q-dots and fluorescent beads through multiple bonds.
3.3.2 Labelling and religation efficiency
To confirm the internal biotinylation an electrophoretic mobility retardation assay was
carried out. pNLrep was nicked using Nt.BbvCI and simultaneously cut into three
linear fragments of which one (0.8 kbp in length) carried the repetitive BbvCI sites.
Nicking of the 0.8 kbp fragment led to a small mobility retardation compared to the
unnicked fragment (Figure 3.3a, Lane 2). A subsequent spin column purification caused
a much larger retardation specific to the 0.8 kbp fragment due to release of the short
15 bp fragments causing a gap to be formed (Figure 3.3a, Lane 3). If however a replace
reaction in the presence of an oligomer with internal modification was carried out prior
to purification, the labelled 0.8 kbp fragment runs at the position of the nicked fragment
(Figure 3.3a, Lane 4), demonstrating the successful incorporation of the oligomer. To
additionally validate the internal labelling, streptavidin was added to the labelled DNA,
causing the 0.8 kbp fragment specifically to disappear most likely due to an increased
mobility causing an overlap with the 5 kbp fragment. Furthermore, we carried out a
pulldown experiment with streptavidin coated magnetic beads, which again sequestered
the modified fragment but not the unmodified fragments demonstrating the specificity
of the labelling reaction. All experiments were performed with both replace oligomers
(carrying two and six biotins) and provided equal results. Both test experiments re-
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Figure 3.3: Internal modification and religation efficiencies. (a) Polyacrylamide gel elec-
trophoresis of DNA samples in the course of the internal labelling procedure. (Lane 1)
pNLrep after digestion with MluI and AatII yielding a 0.8 kbp fragment (red line) that
carries the region to be replaced as well as a 0.4 kbp (light blue line) and a 5 kbp frag-
ment (dark blue line). (Lane 2) pNLrep after simultaneous digestion with MluI, AatII and
Nt.BbvCI. The nicking of the 0.8 kbp fragment (represented by the fragmented red line)
can be seen as a slight mobility decrease. (Lane 3) Sample from lane 2 after column purifi-
cation, which leads to gap formation within the 0.8 kbp fragment causing a large mobility
alteration (gapped red line). (Lane 4) Sample from lane 2 after the replacement reaction
with oligo biotinx2, during which the 0.8 kbp fragment becomes internally biotinylated,
and subsequent column purification. The inserted oligo is stably bound and therefore dis-
plays the same mobility as the nicked fragment in lane 2. (Lane 5) Sample from lane 4
with >10-fold molar excess of streptavidin added. (Lane 6) Pulldown assay with sample
from lane 4. (Lanes 0, 7) 100 bp step DNA ladder, starting at 400 bp with an additional
517 bp band. (b) (Lane 1) pNLrep. (Lane 2) pNLrep after nicking and internal biotiny-
lation with oligo biotinx2. (Lane 3) Sample from lane 2 after ligation. (Lane 4) pNLrep
after internal biotinylation with 5’-phosphorylated biotinx2 oligo and religation. (Lane 5)
pNLrep after nicking with Nt.BbvCI and religation. Positions of supercoiled, nicked and
linearized plasmid species are indicated by corresponding symbols at the right side. (Lane
0) 1 kbp step DNA ladder with the shortest fragment starting at 1 kbp.
vealed a high efficiency of the single step reaction with the labelled DNA being the
dominating reaction product.
In addition to the labelling efficiency the religation efficiency was tested, i.e. to what
extend the nicks in the DNA template can be resealed after the replace reaction. This
is particularly important for experiments where intact substrates are necessary, e.g.
when involving supercoiled DNA (79, 99, 105). The religation efficiency was tested by
ligating the circular, internally modified plasmid and separating the reaction products
on an agarose gel in the presence of ethidium bromide (see Figure 3.3b). The religation
efficiency was found to be strictly dependent on the 5’-phosphorylation of the insert
oligomer. For a non-phosphorylated insert no detectable religation could be observed
which demonstrates that the gap was efficiently filled with the modified oligomer and
not with the short fragments left over from nicking. For a phosphorylated insert, most
(>90%) of the originally nicked plasmid became unnicked upon ligation (compare only
the bands for the nicked species due to different staining of nicked and unnicked DNA
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Figure 3.4: Site-specific attachment of Q-dots to internally biotinylated DNA. (a) Band-
shift assay of Q-dot binding to DNA. (Lane 0) 1 kbp step DNA ladder with the shortest
fragment starting at 1 kbp. (Lane 1) pNLrep after digestion with BamHI, PspOMI and
Nt.BbvCI and internal biotinylation with oligomer biotinx2 (see Figure 3.3a). (Lane 2)
Sample from Lane 1 with 5-fold molar excess of streptavidin coated Q-dots added. (Lane
3) Sample containing Q-dots only. Symbols on the right side indicate Q-dots (yellow
spheres), the short biotinylated fragment (red line) and the long non-biotinylated fragment
(blue line). (b, c) AFM images of Q-dots bound to DNA. The colour scale corresponds to
a height-range of 1 nm, the scale bar corresponds to 100 nm. (d) Histogram of the Q-dot
position measured from the nearest DNA end. The expected Q-dot position at 920 bp
(310 nm) (blue dashed line) is within the double confidence interval (light grey band) of
the experimentally determined mean (290±20 nm, red dashed line).
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with ethidium bromide). The amount of unnicked plasmid was found to be comparable
to a control, where the plasmid was simply nicked and directly religated.
Beyond the biochemical tests also the labelling and religation efficiency were verified
directly in single-molecule experiments. Substrates for these investigations afford more
elaborate preparations and the practical use of the internal labelling method can only
be judged in such measurements. In particular, I tested the ability to bind a fluorescent
particle (Q-dot) specifically to the predetermined location within an internally biotiny-
lated DNA molecule. This is a common task e.g. when assembling the rotor-bead
assay (79). I repeated the mobility retardation assay (see Figure 3.4a) using Q-dots
(instead of streptavidin). Q-dot binding exhibited similar efficiency to streptavidin
binding with only very little uncomplexed DNA remaining. The shift in migration was
specific only to the modified molecule and was more pronounced compared to strepta-
vidin due to the larger size of the Q-dots.
The correct localization of the Q-dots on DNA was tested in AFM experiments.
A modified fragment 5.8 kbp long with biotins being located 920 bp away (≈310 nm)
from one end was prepared and incubated it with Q-dots. Their binding to DNA could
be readily visualized in AFM images (see Figure 3.4b,c). Image analysis provided that
85% of the Q-dots were found at the expected location along the DNA molecules: with
a mean of 290± 20 nm the expected length is within the error of the measurement
(Figure 3.4d) and its standard deviation is in agreement with previous contour length
determinations of nucleic acids (131)1.
3.3.3 Structural modifications
Beyond internal chemical labelling the method allows also to introduce in a one step
reaction internal tertiary structural modifications, such as hairpins or junctions, which
are common substrates in single-molecule experiments (105, 132). Inserting an oligomer
(BstXI-Fillin), which contains a sequence that folds into a hairpin (see Figure 3.5a) in
a replace reaction yields a double-stranded branched molecule. The target sequence of
the restriction enzyme BstXI was incorporated in the hairpin. This was used to extend
the hairpin branch by digesting it and ligating a ≈400 bp long fragment to it, resulting
in an asymmetric branched molecule (see Figure 3.5b). The successful addition of
the ≈400 bp long branch could be easily verified by agarose gel electrophoresis (data
not shown) as well as by AFM imaging where Y-shaped molecules with the correct
proportions were obtained (see Figure 3.5c).
3.3.4 Labelling of multiple loci
The labelling strategy allows labels to be introduced at multiple loci in a single reaction
(Fig. 3.6a). To test the labelling efficiency and specificity I used pNL RR2, which was
labelled with biotins at both RRs. To verify the specific targeting of individual loci
in a multi-locus substrate the modified molecule was fragmented (using the restriction
1These results have been published in reference (127), the work was performed in collaboration
with H. Brutzer, F. Staroske and S. Clausing.
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bc
a
BstXI
63 bp
34 bp
BstXI
b
1.1 kb
0.38 kb
0.7 kb
Figure 3.5: Inserting structural modifications. Schematic representation: (a) a hairpin
(shown in red) containing a BstXI site (black triangle) was introduced via the single-step
replace reaction. (b) After digestion with BstXI a 500 bp DNA fragment (shown in green)
was ligated to the junction arm. (c) AFM images of the resulting Y-shaped molecules; the
lengths of the three branches (355±5, 250±15 and 140±14 nm) agree with the expected
values (390, 240 and 130 nm) for the exception of a discrepancy of the longest branch. The
colour scale corresponds to a height-range of 1 nm, the scale bar corresponds to 100 nm.
enzymes NgoMIV, BamHI and PspOMI) to produce one fragment without and two
fragments with a single replace region. Incubating the sample with Q-dots causes
selective shifting of the fragments that carry internal biotin labels (Fig. 3.6b). As
control for the specific targeting in the simultaneous multi-loci labelling we used non-
biotinylated oligonucleotides in the replace reaction (see Box 1 in the appendix). Only
when the oligonucleotide that targets the specific replace region carried a biotin, a band
shift of the corresponding fragment due to Q-dot binding was observed (Fig. 3.6b). The
labelling specificity is therefore >95% given the detection sensitivity achieved using
agarose gels. The labelling efficiency attainable for a single site is >75% (127) while
that for two loci is ≈50% (Fig. 3.6b). After labelling, the sealing of nicks by ligation
can be assessed as described in Step 23B by agarose gel electrophoresis in the presence
of ethidium bromide. For this we used pNL RR2 which was labelled at both replace
regions using alternatively and concomitantly phosphorylated and non-phosphorylated
(see Box 1) insert oligomers (Fig. 3.6c). Backbone resealing was absolutely dependent
on the 5’-phosphorylation of both oligomers, in agreement with a labelling specificity
of >95% (see above). The efficiency of backbone resealing at both replace regions was
50-60% while for a single replace region it is between 70-80% (127)1.
1These results have been published in reference (128), the work was performed in collaboration
with S. Knappe and I. Richter.
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Figure 3.6: Multi-locus labelling. (a) Schematic representation of the strategy extended
to label multiple loci in a one-pot reaction. All sites are simultaneously nicked (top)
and labelled for ease of execution (bottom). (b) Agarose electrophoresis of internally
biotinylated DNA and Q-dots (Band shift assay). Overlay of Ethidium bromide (orange,
580 nm BP 30 filter) and Q-dot emission (green, 610 nm BP 30 filter) The sample DNA
consisted of three fragments (Lane 2) of which the two shortest carried replace regions RR1
and RR2, and the longest fragment being not modifiable acting as a control (indicated by
the cartoon on the right by the blue, magenta and cyan symbols respectively). DNA
samples, which for which either one (Lanes 3 & 4), both (Lane 5) or none (Lane 6) of
the insert oligomers carried an internal biotin-label, were incubated with Q-dots (orange
circle symbol in the cartoon), resulting in the selective retardation in migration of only
the biotinylated fragments (blue or magenta symbol with orange circle). (Lane 0) 1 kbp
step DNA ladder, (Lane 1) Q-dots. (c) Agarose gel of plasmid pNL RR2 in the presence of
ethidium bromide. (Lane 0) 1 kbp step DNA ladder, starting at 3 kbp. (Lane 1) Plasmid
pNL RR2. (Lane 2) Plasmid pNL RR2 after nicking. Lanes (3-6) Plasmid pNL RR2 after
replace and ligation for which either none, one or both insert oligomers were phosphorylated
at their 5’ ends. The migration positions of linearized, nicked and supercoiled plasmid are
indicated by the illustrations on the right side (green symbols).
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Figure 3.7: Work-flow for opposite strand DNA labelling using a nicking enzyme-repeat
sequence. (a) The one-pot labelling of a single strand involves the following steps: nicking
of one strand to fragment the insert region (Steps 17-18). Release of the small fragments
by heat denaturation to create a gap in the DNA and cooling of the sample in presence
of the oligomers with the internal label to refill the gap (Steps 19-20). After purification,
an optional ligation allows resealing of the nicks at both sides of the insert when using
5’-phosphorylated insert oligomers (Steps 22-23). (b) Additional, optional labelling of the
opposite strand (requires ligation during labelling of first strand). The procedure described
in (b) is repeated using the mutant enzyme that nicks the opposite strand. The labelling
reaction is performed with a second oligomer that fills the gap in the opposite strand and
thus allows additional labels to be introduced (Step 24).
3.3.5 Opposite-strand labelling
The presence of modifications on both strands is evaluated using FRET experiments.
For this I introduced, on opposing strands of replace region 2, oligomers carrying Alexa
Fluor 488 and Alexa Fluor 594 (Step 25B). The plasmid pNL RR2 was cut (using the
restriction enzymes NgoMIV and PspOMI) to provide one labelled and one unlabelled
fragment. The fluorescence of the DNA fragments was evaluated on agarose gels (Step
25B). A pronounced FRET signal is only obtained from the dual-labelled molecules
but not from a control sample (see Box 1) in which molecules labelled individually
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Figure 3.8: Analysis of second-strand labelling by FRET. (a-d) Agarose gel of two DNA
fragments of which only one is labelled: on one strand with Alexa488 (lane 1), on the
complementary strand with Alexa594 (lane 2) or both strands (lane 3). Lane 4 contains
the samples from lanes 2 and 3 with a total amount of DNA equal to that in the other
lanes and lane 0 a 1 kbp DNA step ladder, starting at 2 kbp. In (a) the donor fluorophore
Alexa488 is excited at 488 nm and donor emission is detected using a 526 nm SP filter. In
(b) the donor fluorophore is excited at 488 nm and FRET is detected from the emission of
the acceptor fluorophore Alexa594 using a 670 BP 30 filter. In (c) the acceptor molecule
is excited at 532 nm and emission is detected using a 670 BP 30 filter. In (d) the DNA
is stained with ethidium bromide and visualized, such that both the labelled and non-
labelled fragments can be seen as indicated by the illustrations on the left (red and cyan,
respectively). (e) Histogram from confocal single-molecule FRET measurements according
to Step 25 C. Shown are the number of fluorescent bursts versus FRET efficiency.
with either dye were mixed together (Fig. 3.8a-d). This demonstrates the successful
second strand labelling. Since bulk FRET measurements are difficult to interpret in
a quantitative manner, the sample was further evaluated in single-molecule FRET
measurements using a confocal geometry (83). These measurements exhibited a large
population of molecules at a FRET efficiency of 0.5 (Fig. 3.8e). Such FRET efficiency is
expected given the distance of the two dyes of 13 bp (84). The considerable population
of molecules with an apparent FRET efficiency of 0.1 was attributed to posses only
the donor fluorophore. This arises from incomplete labelling of the oligomer carrying
the acceptor and from incomplete second strand labelling. The high FRET population
centred around 0.5 includes 50-60% of all evaluated molecules, which is a lower bound
for the efficiency of concomitant first and second strand labelling1.
1These results have been published in reference (128), the work was performed in collaboration
with S. Knappe and I. Richter.
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3.4 Discussion
Here a simple and efficient method is presented, which based on nicking enzymes to
generate chemical (Fig. 3.1) and structural (Fig. 3.5) modifications internally within
long DNA molecules. Additionally this method is shown to be easily integrated into
the normal work-flow of preparing DNA substrates for single-molecule experiments
providing a high amount of intact substrates.
Site specific internal labelling based on nicking enzymes is more efficient than in-
termolecular ligations of multiple fragments (104). In addition, the DNA structure not
distorted which is advantageous over methods that use an external binding domain
for the modification as provided by PNAs and triplexes (133, 134) or DNA-binding
proteins (135, 136).
Compared to previous internal labelling based on nicking enzymes (116), the method
that relies on multiple nicking sites requires only a single purification step and is ca-
pable of modifying rather long stretches of DNA. Furthermore, there are also several
advantages compared to nick translation which is very successful at incorporating a
single modified base close to a specifically introduced nick (113) or to label a stretch of
DNA of somewhat uncontrolled length downstream of a nick with multiple fluorescent
bases (137). The “cut & paste” method presented here goes beyond that: it allows to
place single or multiple labels over a well defined DNA stretch of ≈60 bp in length, at
any desired locations with nearly no limitations. It also allows to introduce structural
modifications and the labelling is very specific and restricted to that particular gap to
which the oligomer is targeted.
Despite the amount of nicks introduced in the substrate DNA, a high amount of
intact molecules is obtained after ligation (Fig. 3.3b). The religation efficiency is an
important factor for DNA supercoiling experiments, as torque can only be applied to
molecules with an intact backbone (79, 99, 105, 138). On the contrary, the “cut &
paste” method allows also to specifically introduce a nick near the modification, by
using non-phosphorylated inserts. This is required in rotor-bead experiments in which
twist changes, without external torque being applied, are probed.
Multi-locus labelling offers great potential for DNA cross-bridging (134) but also
FRET experiments (139). Using multiple concatenated copies of the BbvCI-repeat se-
quence even long periodic arrays of modifications may be achieved which are of interest
in single-molecule experiments (139) but also DNA nanotechnology (140). Beyond in-
troducing modifications only on one strand of the DNA, the use of BbvCI sites offers
the possibility to modify also the opposite strand in a second subsequent reaction. This
way for example 4-way junctions even with additional chemical modifications can be
easily inserted into long DNA constructs (95).
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Reconstituting chromatin
Nucleosomal arrays were required as a substrate for the planned experiments. For this
reason we proceeded to the expression and purification of various histone proteins, and
to the synthesis of a suitable DNA construct carrying a large number of nucleosomal
positioning sequences (NPS).
4.1 Long array of NPSs
The present models for the 30 nm chromatin fibre all estimate the number of nucleo-
somes/turn to be ≈ 6-7, therefore 12 nucleosomal positioning sequences were deemed
to be insufficient to recreate a 30 nm fibre in-vitro. For this reason we decided to create
DNA substrates for chromatin reconstitution carrying at least 20 nucleosome posi-
tioning sequences. A plasmid (pUC18-12x601) carrying 12 repeats of the Widom 601
NPS with 53 bp linker DNA in-between, making the total repeat length 200 bp (147 bp
Widom 601 + 53 bp linker DNA), was kindly provided by Professor Peter Becker (LMU
München). In the scientific literature most often the linker DNA is shown to be n-times
10 bp long (141). To obtain a DNA substrate which would support the formation of
the 30 -fibre, we produced a plasmid with a single copy of the Widom 601 NPS with
the linker DNA reduced to 50 bp, for a total length of 197 bp. This was achieved by
performing a PCR with a primer introducing a 3 base deletion in the linker region.
This sequence was then used for multimer insertion into the vector pUC18, achieved as
follows: (i) first a large preparation of monomer NPSs was prepared by digestion of the
starting plasmid, at the asymmetric AvaI site. (ii) The monomers were then ligated
in a large excess to the chosen vector (pUC18-AvaI), linearised to produce compati-
ble sticky ends. (iii) After transformation, clones were screened by high-throughput
plasmid isolation (using DNA binding membranes in 96-well plates).
4.1.1 Polymer physics applied to molecular cloning
To achieve the insertion of a high number of NPS monomers it was not sufficient to
have a high molar ratio compared to the vector, but it was also necessary to have a
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Figure 4.1: Schematic representation of the cloning strategy to amplify the number of
NPSs. (a) The root mean square end-to-end distance of the vector (≈300 nm) was esti-
mated to be equivalent to the concentration of fictitious molecules. (b) These molecules
were modelled in a crystal of primitive cubic lattice, with a side 300 nm long. Thus the
concentration of monomer ends corresponds to a molar concentration of ≈60 nM. (c) NPS
monomers were added to the ligation reaction in a >>60 nM concentration to ensure ef-
ficient multimerization. (d) The ligation reaction produced vectors with differing number
of NPS inserts. The clones with the largest number of inserts were selected for chromatin
reconstitution by a high-throughput plasmid isolation (using DNA binding membranes in
96-well plates).
high absolute concentration of monomers. In this way the ligation of many monomers
would be favoured rather than the circularization of a few monomers into the vector.
The necessary concentration was estimated based upon the assumption that the mean
square end-to-end distance
√
〈R2〉 of the linearised vector could be compared to a molar
concentration. The mean square end-to-end distance 〈R2〉 was calculated according to
the Worm-like-chain (WLC) model (see Eq. 4.1.1).√
〈R2〉 =
√
2p · lp (4.1)
√
〈R2〉 was calculated to be ≈300 nm. This distance was then used to determine
the concentration of a molecule in a hypothetical cubic lattice with a lattice constant
of ≈300 nm. The concentration equivalent to a root mean square end-to-end distance
of 300 nm is 60 nM. Various insert:vector molar ratios were tested in combination with
increasing concentrations of the insert (NPS monomers). Competent E. coli cells were
transformed by the ligation mixtures and plated out onto LB agar plates with Ampi-
cillin. Of the resulting colonies each time 96 were tested; these were grown in liquid
media and then the plasmids extracted. Given the large number of clones to screen
a 96-well filter-plate was used. All plasmids were subjected to restriction analysis to
determine the presence of NPS and their number. While most colonies showed to have
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Figure 4.2: Cloning of multimers of the nucleosomal positioning sequence Widom 601. (a)
Agarose gel electrophoresis of a number of clones carrying multiple copies of the Widom 601
sequence. A 1 kbp-step ladder and a plasmid with 22 copies of Widom 601 (yellow arrow)
were also run to aid the estimation of the number of monomers included in the plasmids
screened. Clone 6 was picked for its length (red arrow) and subjected to restriction analysis
to asses backbone integrity and the number of included Widom 601 repeats. (b) (Lane 2)
incomplete digestion of Clone 6 (plasmid pUC18-48x601) using enzyme AvaI yielded a
ladder of fragments of n+1 NPSs. (Lane 3) digestion with EcoRI and HindIII produced a
fragment (Insert) of ≈9.5 kbp, corresponding to 48 repeats of the 197 bp-long NPS. (Lanes
1 & 4) 1 kb step DNA ladder with the shortest fragment starting at 5 kb.
plasmids with a small number of NPSs (<7), few had a considerably larger number.
Of interest were colonies which carried 22 and 48 NPSs each. As it was not possible
to sequence these plasmids, the extent of multimerization was determined digesting at
unique recognition sites neighbouring the insertion locus, this produced fragments of
≈4.3 and ≈9.5 kbp. Furthermore the number of NPSs inserted was confirmed perform-
ing an incomplete digestion with AvaI. This created arrays of fragments of differing
length starting from 197 bp up to 9456 bp (197 bp*48, see Fig. 4.2). The clone carrying
48 repeats of the NPS was chosen to be used for the subsequent steps.1
4.1.2 Preventing homologous recombination
It was of particular importance to prevent homologous recombination from reducing
the repeated sequence to a single NPS. For expansion of the plasmid a recombination
deficient E. coli strain was used (GB2006), kindly provided by Professor Francis Stew-
art. Furthermore optimal growth conditions had to be determined: O/N culturing
of GB2006 cells transformed with the pUC18-48x601 plasmid in LB medium resulted
in occasional recombination events. This was not observed when culturing the trans-
formed cells in the rich medium SOC.
1The work was performed in collaboration with S. Clausing.
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4.2 Expression and purification of histone proteins
The four core histone proteins were to be expressed and purified in order to reconstitute
nucleosomal arrays (Fig. 4.3).
4.2.1 Protein expression
Plasmids carrying the genes for the core histones from Drosophila melanogaster were
kindly provided by Professor Peter Becker (LMU München). Small scale cultures were
started to amplify the plasmids and to verify their integrity as well as the lack of
mutations in the histone genes. Furthermore the optimal conditions for expression
were tested. For all four histones the best results were given by starting small pre-
cultures (200 ml) over night (O/N, circa 16 h), with the addition of the appropriate
antibiotics, and 1% glucose to prevent any expression before the induction. On the
second day the pre-cultures were used to inoculate fresh medium and grown till an
OD600 of 0.6 was reached. Then expression was induced by the addition of 1 mM IPTG
and the cultures were incubated for a further 2 hours (for a detailed protocol see below).
The cells were then harvested and the expression of the proteins was verified by SDS-
PAGE. The expression levels of H3 and H4 were consistently higher than for H2A and
H2B (see Fig. 4.4).
4.2.2 Inclusions bodies
The over-expression of the histone genes causes the histone proteins to cluster into
insoluble inclusion bodies. The most likely cause for this being the potentially incor-
rect folding of the proteins in a non-native prokaryotic environment. The inclusion
bodies were extracted from lysed cells and separated to a high purity via repetitive
centrifugations. Followed the solubilization of the proteins using a high concentration
of guanidium hydrochloride. Dialysis against a urea buffer was then performed prior
to the Fast Protein Liquid Chromatography (FPLC) purification.
4.2.3 Histone purification
Ion exchange chromatography was performed to purify the histones, as they are highly
positively charged. With an appropriate salt gradient, it was possible to elute the
histones from the chromatography column in well isolated peaks. The UV absorbance
values were not high, due to the low number of aromatic residues present in the proteins
(see Fig. 4.5). Therefore, corresponding elution fractions were analysed by SDS-PAGE
(see Fig. 4.6) and pooled when protein content and purity were considered sufficient.
The proteins were then dialysed against water and lyophilised for long term storage.
The relatively low yield of H2B led us to repeat the procedure starting from a new
vector. This had its sequences modified to optimize expression in E. coli which have
different codon usage. This gave an increased expression and higher yield (see Table
4.1).
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1. Protein expression
2. Isolation of
inclusion bodies
3. Unfolding
4. Ion exchange
chromatography
5. Reconstitution
of histone octamers
6. Size-exclusion
chromatography
Figure 4.3: Flowchart of the octamer reconstitution procedure. (1) After protein ex-
pression in E. coli, (2) the inclusion bodies were isolated by centrifugation from the lysed
cells. (3) Unfolding of the inclusion bodies was achieved using a chaotropic agent. (4)
Then the histone proteins were purified from other proteins via ion exchange chromatog-
raphy. (5) Dialysis of all four core histone proteins both folded the proteins into their
natural conformation and brought them together into octamers. (6) A final size-exclusion
chromatography step was necessary to separate octamers from other incomplete multimers
(hexamers, tetramers or dimers).
Table 4.1: Comparison of the yield of the expressed histone proteins. Note the increased
yield for H2B after codon optimization of the gene.
Protein Yield (mg)
H2A 28
H2B 13
H2B (codon opt.) 103
H3 303
H4 88
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Figure 4.4: Expression was verified for all four histone proteins. (a,b) Comparison of
uninduced (u) and IPTG-induced (i) cultures. The histone proteins are marked by a black
triangle (I) and the molecular weight (kDa) is indicated on the left. (c) Inclusion bodies
were isolated after cell lysis by successive centrifugation steps. These consisted mostly of
the over-expressed histones.
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Figure 4.5: Chromatographic separation of H4, the measured parameters are plotted over
time. The red line indicates the UV absorbance (recorded at 214 nm, left Y axis), the peak
at 6-700 s deriving from injected material which hadn’t bound the matrix of the column.
The second peak at 2500 s corresponds to the elution of H4 at circa 30 mS/cm. The blue
line shows the change in buffer composition and the green line shows the corresponding
change in conductivity of the flow-through (right Y axis).
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Figure 4.6: SDS-PAGE of fractions collected during the purification of H2AvD. (Lane
Inj.) most proteins didn’t bind the matrix of the column and were directly eluted. (Lanes
1-8) as the composition of the buffer changed to a higher salt concentration also the bound
proteins eluted from the column, thus separating H2AvD from most other proteins.
4.2.4 Octamer reconstitution and isolation
Once all four proteins were purified these were mixed with a 50% excess of H2A and
H2B. Then by salt dialysis the proteins folded and formed octamers. A size exclusion
chromatographic separation was then performed to isolate the octamers from the in-
complete hexamers, tetramers, dimers and single proteins. The octamers were then run
on an SDS-PAGE to verify the correct stoichiometry of the 4 four proteins (see Fig. 4.7).
4.2.5 H2AvD
For the expression of histone variant H2AvD, the sequence encoding the protein (ac-
cession number NM 079795.2) was used to design a synthetic gene which (i) was codon
optimized for expression in E. coli and (ii) comprising the same promoter region used
in the other expression constructs. The gene was synthesized by a commercial service
provider (Mr. Gene GmbH) and then sub-cloned into a series of expression vectors
(pET15b, pET28a, pET3a). Expression tests were performed with various different
culturing and expression induction conditions. Vector pET3a was the only one which
could elicit expression of the protein. The purification procedure followed what had
been done previously for the canonical core histone, despite the finding that for H2A
and H2B the lower yields were due to a less severe clustering into inclusion bodies,
as compared to H3 and H4. The advantage is that inclusion bodies are composed al-
most exclusively from the desired protein. Purifying the desired protein from inclusion
bodies and the cytosol could have yielded a higher amount of protein but more con-
taminated with other proteins. The amount of protein extracted from inclusion bodies
was deemed to be more than adequate for the intended experiments (Fig. 4.6)1.
1The work was performed in collaboration with S. Hahnewald.
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4.3 Reconstitution of nucleosomal arrays and biochemical
analysis
4.3.1 Reconstitution procedure
Reconstitutions of chromatin/nucleosomal arrays were at first performed on the DNA
from the shorter pUC18-12x601 plasmid, for the execution of the experiments and the
analysis of data was simpler. The reconstitution was performed by a salt dialysis over
night. A series of titrations was necessary: increasing amounts of protein were added in
order to determine the optimal conditions to produce correctly spaced nucleosomes on
all NPSs. Ratios of octamer to nucleosomal positioning sequence were tested ranging
from 1:1 to 3:1. The optimal was found to be 2.4 octamers per nucleosomal positioning
sequence for canonical nucleosomes. For H2AvD nucleosomes the optimal ratio was in-
stead 0.9 octamers per nucleosomal positioning sequence. While an insufficient amount
of octamers produced arrays with un-occupied NPSs, an excessive amount of protein
produced arrays where the nucleosomes were not correctly spaced. These had little or
no linker DNA between them. To prevent over-saturation of the target DNA it was
beneficial to add random-sequence competitor DNA (of average binding affinity to the
octamers). For practical reasons the backbone of the pUC18 plasmid was used. This
was the backbone of the plasmids used to create constructs for the magnetic tweezers
experiments (pUC18-12-601 and pUC18-48x601). Plasmids were cut to create a linear
NPS fragment to be ligated to biotin and digoxygenin handles. The backbone was left
in the ligation mixture as it did not interfere in the ligation reaction, while it would
act as competitor DNA during the reconstitution binding the excess octamers, prevent-
ing them from disrupting the correct spacing of nucleosomes on the NPSs. After the
reconstitution, the addition of MgCl2 caused the chromatin fibres to cluster and they
were recovered by centrifugation. Followed a resuspension in TE buffer and a spec-
trophotometric quantification. As the sample was a mixture of DNA with proteins of
low absorbance at 280 nm, the 260 nm value was used for the estimation. It was noted
that typically the absorbance values at different wavelengths and their ratios could be
used to determine the chromatin content. A successful reconstitution typically had
absorbance values of A260/280 ≈1.6 and A260/230 ≈0.9.
Fibre precipitation
After the MgCl2 precipitation the resuspended pellet should contain the fibres, while
the supernatant should contain any excess protein and competitor DNA. To verify the
correct separation of chromatin fibres, a removal and purification of the DNA from
the histone proteins was performed. This was achieved via a proteinase K treatment
to free the DNA of any bound protein and then a phenol:chloroform purification iso-
lated the DNA from the proteins (see in the Appendix for a simplified protocol of the
phenol:chloroform isolation of DNA). Each sample (pellet and supernatant) was then
visualized by agarose gel electrophoresis. In the case of complete assembly and pre-
cipitation, the target DNA with the 601 positioning sequences was present only in the
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Figure 4.7: The stoichiometry of the four histone proteins in the isolated octamers (oct)
was verified by separation via SDS-PAGE. Furthermore the stoichiometry was also verified
after reconstitution of nucleosomal arrays (chr), to exclude the possible loss of H2A-H2B
dimers given their low stability in octamers.
pellet while the competitor DNA was present only in the supernatant (see Fig. 4.8).
The experiment shows how a ratio of 2.4 octamers per nucleosomal positioning sequence
works best: no competitor DNA is precipitated with the nucleosomal arrays. A more
accurate determination of the quality of the nucleosomal arrays produced was given by
a series of biochemical tests.
4.3.2 Biochemical analysis
All biochemical analysis performed made use of the fact that a nucleosome protects the
DNA (to a certain extent) from enzymatic degradation. Therefore the presence and
position of nucleosomes can be inferred from DNA fragments surviving endo- or ex-
onuclease activity. All purifications mentioned above are performed via a proteinase K
treatment to remove all proteins from the DNA, followed by a phenol:chloroform pu-
rification and an ethanol precipitation. Digests were performed at 26 to maintain
the integrity of the chromatin (142), digests at 37 increase the accessibility of the
nucleosomal DNA to the restriction enzymes.
AvaI & AluI
To assess the saturation level of a chromatin fibre, digests with enzymes AvaI or AluI
were performed. AvaI has a recognition site in the linker DNA and the digestion in
that area confirmed that the nucleosomes were correctly positioned and that there was
no over-saturation. Furthermore the use of this enzyme could also reveal the degree
of occupancy of the NPSs, when the digestion products were separated by agarose gel
electrophoresis. The NPS which were included into a nucleosome had a notably lower
mobility and migrated like a fragment of ≈600 bp, instead of the 200 bp of the naked
NPS (see 4.9a). The AvaI digestion of samples revealed that sample 2.4 (reconstituted
using 2.4 octamers/NPS) had almost all NPSs occupied (see lane “nat” in Fig. 4.9), as
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Figure 4.8: Agarose gel electrophoresis of purified DNA from pellet and supernatant
fractions, after the MgCl2 precipitation of reconstituted chromatin. The resuspended pel-
lets (p) contain the fibres and so the 2.4 kbp NPS 12-mer (cyan band marker), while the
supernatant fractions (s) contain any excess protein and competitor DNA (magenta band
markers). Additionally, in those samples where an insufficient amount of octamers was
added (samples 1.8, 2.0 and 2.2), a decreasing portion of the NPS 12-mer is also present.
This is due to a low occupancy of the NPSs, resulting in poor clustering of nucleosomal
arrays and consequently only a partial precipitation. (Lane 2) the DNA input of the
reconstitution procedure is shown for comparison. (Lane 1) DNA size marker.
most NPS DNA migrated as a ≈600 bp fragment. Only a small fraction run at 200 bp
as expected for the naked DNA. Additionally it must be noted that the naked DNA
was stained better by the ethidium bromide than that forming nucleosomes so a direct
comparison of band intensities is misleading. Bands of the same type from different
samples may be compare to draw conclusions regarding the relative intensity (and NPS
occupancy). A purification of the DNA from the AvaI digested samples revealed that
a minor fraction of NPSs were not cut by the enzyme. This might be the result of
incomplete digestion, as the linker DNA is not as accessible as naked DNA is in cloning
procedures for example, due to the presence of the nucleosomes which might represent
an obstacle for restriction enzymes in their search for their recognition sequence.
The restriction site for AluI is found on the nucleosome’s dyad, at the centre of the
NPS. If this enzyme is able to cut then the NPSs are not occupied, this would result in
an agarose gel electrophoresis in a series of bands with sizes of multiples of 200 bp. On
the contrary if a fibre had 100% occupancy there would be no digestion. The results of
this analysis should be in agreement with and complement that performed with AvaI
(see Fig. 4.10b). Indeed sample 2.4 was the least affected by the action of the restriction
enzyme confirming the occupancy of most NPSs.
4.4 Tweezers construct with nucleosomes
A typical DNA construct for magnetic tweezers experiments presents the sequence of
interest between two regions carrying covalent modifications which allow to bind it
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Figure 4.9: Agarose gel electrophoresis of the AvaI digestion analysis of 12x601 chromatin
samples. The AvaI enzyme cut between the NPSs so producing single nucleosomes. (nat)
nucleosomes exhibit a shift in migration (migrating as ≈600 bp, upper cyan band marker)
compared to the unoccupied NPS DNA molecules (197 bp, lower cyan band marker). With
increasing ratios of octamers/NPS (1.8-2.4) the proportion of the unoccupied NPS DNA
molecules decreases. (pur) the same samples were purified from the proteins, most of the
material is ≈200 bp long demonstrating how the majority of nucleosomes are centred on
the NPSs. Plasmid pUC18-12x601 was subjected to the same conditions as a control, and
it shows the completely cut NPSs and the vector’s backbone (cyan band marker).
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Figure 4.10: Agarose gel electrophoresis of purified DNA from the AluI digestion analysis
of chromatin samples. Reconstituted chromatin samples were subjected to digestion by
AluI, which cuts at the centre of the NPS. Samples with a higher Octamer/NPS ratio were
protected from being cut by the presence of a higher number of nucleosome present.
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Figure 4.11: Diagram of the DNA construct preparation. (a) Synthesis of biotin and
digoxygenin modified “handles” (orange and blue) was achieved by polymerase chain re-
action. Followed a restriction reaction using appropriate enzymes with asymmetric recog-
nition sequences. Column purification allowed to separate the modified handles with the
desired sticky ends from unwanted small fragments (<30 bp). (b) Purified handles were
then ligated in a 10-fold excess to the fragment carrying Widom 601 sequence repeats
(yellow-purple-cyan). (c) This fragment was cleaved from the plasmid (pUC18-12x601 or
pUC18-48x601) using the same restriction enzymes used for the handles. (d) The final
product was the DNA construct on which nucleosomes (green circles) could be assembled,
with spacers to keep them separated from the glass surface and the magnetic bead in
magnetic tweezers experiments.
to the surface of the liquid chamber, in which the experiment is performed, and to a
magnetic bead. The modifications routinely used in the lab were chosen, namely biotin
and digoxygenin.
12-mer construct
For the initial tests the plasmid with the 12-mer of 200 bp was used. This was cut
using BseYI and EcoO109I which have asymmetric recognition sites. These produce
asymmetric sticky over-hangs which cannot self-ligate. Self-ligation of a DNA species
is a phenomena which can limit the efficiency of ligation reactions. The biotin and
digoxygenin modified fragments (“handles”) were produced by PCR and then cut with
the same restriction enzymes to produce sticky ends compatible with those on the
NPS-fragment.
48-mer construct
The same strategy was used to create a tweezers DNA construct carrying the 48 197 bp
long repeats as for the one carrying the 12 200 bp repeats. Though initially, the low
yield of the DNA construct had an effect on the performance of the reconstitutions.
It was noted that a decrease in concentration of the samples upon reconstitution had
an effect on the reconstitution itself as much as the efficiency of the MgCl2 precipita-
tion. Therefore we set ourselves to improve the preparatory procedure, to guarantee a
sufficient yield.
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Figure 4.12: The presence of a modification within the recognition sequence of the en-
zymes BseYI and EcoO109I, had a different influence on the restriction by these enzymes.
This could be explained by the relative position of the modifications within the recognition
sequence. Furthermore the larger digoxygenin has a adverse effect on the result of a re-
striction reaction. Therefore to optimize the digestion of modified handles for the tweezers
construct, the modifications were exchanged. The handles to be cut with the more suscep-
tible BseYI were modified with biotin, the smaller molecule, so improving the efficiency of
the reaction.
There were two major limitations, namely (i) the ligation efficiency and (ii) the large
losses during the purification of the final product. The ligation efficiency was typically
low. The reason for this was discovered to be an incomplete digestion of the fragments
modified with the bulkier digoxygenin (when compared to biotin) and cut by BseYI.
The recognition sequence for BseYI has an A-T base pair in the middle. The modified
nucleotides are dUTPs which are included in the amplicon randomly in place of un-
modified TTPs. The possibility that a modified dUTP could have been included in the
recognition sequence of the restriction enzyme was suspected to reduce the efficiency
of the restriction digestion. The recognition sequence of EcoO109I instead only has
A-T pairs at the extremities and was modified with the smaller biotin. Therefore a test
was then performed where the modified bases were exchanged in the two attachment
fragments. This resulted in an improvement of the cutting one fragment with BseYI,
as possibly the smaller Biotin was of an obstacle for the enzyme than the bulkier
Digoxygenin. The other fragment which (potentially) carried a digoxygenin in the
EcoO109I recognition sequence was cut as well as when modified with a Biotin (see
Fig. 4.12). The improvement of the digestion efficiency resulted in a proportionally
higher yield of ligated construct.
Gel extractions to purify the ligation product from the non-ligated fragments was a
major cause for material loss during the preparative procedure. The improvement of the
ligation reaction made so that a separation of fragments was not necessary and a simple
DNA purification using a kit was sufficient and gave a higher recovery. The non-ligated
material was therefore mostly constituted of modified handles with average binding
affinity to histone octamers, which acted as competitor DNA in the reconstitution and
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didn’t decrease the yield of useful nucleosomal arrays.
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Eviction of nucleosomes
In the previous two chapters the achievement of the two main requirements for the
execution of the intended experiments is described: (i) a method for internal labelling
of long DNA molecules for the rotor-bead assay was developed and (ii) histone proteins
were expressed and saturated nucleosomal arrays were reconstituted, also with the
histone variant H2A.Z. The next step was to characterize the tensile properties of the
chromatin fibres.
5.1 Nucleosome eviction
A characteristic feature of the previous tensile experiments performed on chromatin
were abrupt ≈25 nm extensions (51, 143). These length “steps” represent the peeling
of the inner wrap of DNA (≈80 bp) from the (H3-H4)2 tetramer. The 25 nm extensions
were recorded with high resolution and differences were found between arrays of canon-
ical nucleosomes and H2AvD-nucleosomes. The data suggests a more stable nature of
the binding of the H2A-H2B dimers to the other components of the nucleosomal core
particle (NCP). This is in agreement with the recent model of an “open nucleosome”
state (65).
5.1.1 A two-stage process
Nucleosomal arrays were reconstituted on both the nucleosomal positioning sequence
12-mer and 48-mer constructs (described in the previous chapter) and tensile exper-
iments were performed to collect data about the mechanical stability of single nucle-
osomes. The force applied to the molecules was gradually increased from low levels
(0.1-0.2 pN) to the maximum achievable. Extension rates of 5, 10 and 20µm/s were
applied with no difference in the results. The molecules elongated gradually as the
force increased (see Fig. 5.1). The elongation occurred as the DNA aligned along the
direction of the force, unravelling from a random coil against the entropic forces. The
fibres extended exhibiting a worm-like chain behaviour, albeit with higher stiffness
than that of bare DNA which has ≈50 nm bending persistence length. The disruption
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Figure 5.1: Schematic representation of tensile experiments performed on nucleosomal
arrays. (a) When the magnets are kept at a distance from the sample, the force acting on
the magnetic bead is low. (b) As the distance to the flow cell is reduced the force increases
stretching upwards the DNA molecules. (c) The 25 nm abrupt extensions represent the
peeling of the inner turn of DNA (≈80 bp).
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Figure 5.2: (a) Sequential stretching iterations of a single nucleosomal array (red, cyan,
blue). At lower forces the fibres extend partially exhibiting a worm-like chain behaviour
(green fit lines), albeit with properties different than those of bare DNA (data in black,
WLC fit in magenta). At about 5-15 pN the extension of the fibres deviates from a WLC-
like behaviour. (b) Histogram showing the number of evictions per iteration. Despite their
eviction in the first tensile iteration, a proportion of nucleosomes is able to reassemble
during the low-force relaxation and is evicted again in subsequent iterations.
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of nucleosomes was evident, as deviations from a WLC-like behaviour occurred (see
Fig. 5.2).
The first unwrapping of DNA from the nucleosomes was detected at about 5-15 pN,
as the fibre temporarily exhibited a lower stiffness and extended irregularly. Subse-
quently the molecules extended again as a worm-like chain. Approaching 15-20 pN the
first abrupt extensions were recorded and continued to appear as the maximum force
was reached (see Fig. 5.3). The evictions did not result in total protein loss: the nucle-
osomes were present in subsequent stretching iterations, if molecules were allowed to
relax back to low forces.
The nucleosomes are therefore believed to disassemble in two stages. (i) At low
forces the outer turn DNA peels away gradually from the dimers and (ii) as the tension
continues to grow, the entry and exit DNA are pulled in opposing directions. The inner
turn of DNA is then suddenly released as the nucleosome particle pivots perpendicularly
to the direction of the force vector.
5.1.2 Chromatin fibres
The 48-mer of the nucleosomal positioning sequence had originally been created to
reconstitute a chromosomal fibre. It soon became clear that if a secondary structure
was achieved by reconstitution, this was irreversibly damaged while introducing the
sample in the flow cell. The sheer stress forces caused by the flow were elongating
the fibres already during the preparatory steps. Furthermore the solution in which the
experiments were carried out was devoid of magnesium, essential for a folding of the
nucleosomes into a fibre. Nevertheless, the long nucleosomal arrays were invaluable in
providing a way to probe many nucleosomes.
5.1.3 Reassembly of nucleosomes
After each extension, molecules were allowed to relax back to the initial low forces.
Subsequent extensions showed similar behaviour compared to the first extensions (see
Fig. 5.2). The molecules elongated gradually at low forces and showed inner turn evic-
tions at forces >15-20 pN. This is explained by the fact that even after eviction the
nucleosomes appear not to disassociate completely from the DNA, which is then re-
folded around the protein core. Differences were though also noted when comparing
iterations. The initial length of the molecules was increased, reflecting the irreversible
disruption of a fraction of the nucleosomes in previous iterations. This also explains why
the stretching force-extension curve of the molecules also changed, approaching more
and more that of naked DNA the more iterations were performed. A last iteration was
performed after the removal of all nucleosomes/tetrasomes by the use of heparin or
high salt combined with force. The molecules then exhibited the properties known for
DNA: a persistence length of ≈45-50 pN and a stretch modulus of ≈1000 pN (89, 144).
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Figure 5.3: The eviction of nucleosomes is a two-stage process. (a) The peeling of the
outer turn of DNA from the octamers occurs at low forces. (b) Force/extension plot of data
collected from a single nucleosomal array, from subsequent tension-relaxation cycles (Red,
orange, yellow and blue traces). All nucleosomes were removed with the aid of heparin
and the molecule extended as expected for bare DNA (black trace). A fit of the data
with the extensible worm-like chain model (magenta) yielded the correct length (L) of the
molecule and a persistence length (p) in accordance with previous reports (89, 144). The
nucleosomes are evicted only at forces above 15 pN. (c) Eviction is manifested by sudden
extensions in length of about 25 nm. (d) The inner turn of DNA is peeled from the protein
core but might remain partly bound as evicted nucleosomes reform upon relaxation of the
molecule.
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Figure 5.4: Inner turn eviction steps cluster in distinct populations. (a) Plot of force
versus step size of tetramer eviction data, collected from a single molecule. Data from each
iteration is marked by squares in a different colour. (b) The data points cluster in distinct
populations, with different force values.
5.1.4 Distinct populations within nucleosome eviction events
A small fraction of eviction events took place at forces <10 pN. These are in most cases
attributed to the detachment of outer turn DNA. Occasionally this occurs as a sudden
event, possibly due to the entry/exit DNA configuration and to the low ionic strength
of the buffer.
Despite the wide distribution of forces at which tetramers were evicted, a consider-
able fraction of evictions took place around ≈20 pN. The remaining evictions displayed
higher forces but did not cluster around any specific value (see Fig 5.4). This distinction
between populations was occasionally blurred in the first stretching of a molecule but
more pronounced in subsequent iterations.
A limit in the actual determination of the stability of these nucleosomal particles
is the maximum force achievable (Fmax) with the used combination of magnetic beads
and magnets. The broad distribution of force attainable (due to the spread in ferrite
content of the beads) showed eviction events occurring even above 50 pN. When Fmax
was particularly low, longer measurement time (at maximum force) compensated this.
Many evictions occur at the maximum force and their dwell-time distributions (not
analysed) are to be considered as a measure of their stability, rather than the (equal)
force.
The reason for the presence of the distinct populations at ≈20 pN and above is
unclear. Internucleosomal interactions can be excluded as these would result in the
concomitant disruption of two (or more) nucleosomes, therefore releasing more than the
≈25 nm steps observed. Differences in the binding of the DNA to the protein core could
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Figure 5.5: Comparison of H2AvD-nucleosome eviction forces for nicked and supercoilable
molecules. (a) Supercoilable molecules exhibit 43% of evictions above 35 pN, while (b) for
nicked molecules the same population is ≈36% of all events. Dotted lines indicate the
average values calculated for events <35 pN: 18.94 pN (0.59 standard error of the mean)
for supercoilable molecules and 20.36 pN (0.44 SEM) for nicked molecules.
explain the broad distribution of eviction forces observed (within each population),
given their large energetic influence (9κBT ) on nucleosomal stability (145).
5.1.5 Nicked and supercoilable nucleosomal arrays
In all experiments unavoidably both nicked and unnicked DNA molecules were present.
Nicked molecules are the result of an incomplete ligation of the single components of
the DNA construct, or alternatively nicks arise during storage. The comparison of
the data from the two species shows how a smaller proportion of nucleosomal particles
are evicted at forces >35 pN in the nicked population (36%), while the supercoilable
molecules present 43% of evictions occurring at >35 pN (see Fig. 5.5). Furthermore,
for those events occurring at forces <35 pN, the distribution of events is also differ-
ent with 18.94 pN (0.59 standard error of the mean) for supercoilable molecules and
20.36 pN (0.44 SEM) for nicked molecules.
In the tensile experiments performed nicked molecules would rotate around the sin-
gle bond of the backbone on the strand complementary to the nicked locus (rotationally
unconstrained). This rotation allows to dissolve the 1.65 turns of the DNA previously
stored around the nucleosomes.
Unnicked molecules are instead rotationally constrained as both DNA strands are
bound to the glass surface and the magnetic bead. Tension was applied to unnicked
nucleosomal arrays after a rotation curve was recorded. Rotation curves show the
length of the molecule over turns and allow to determine the relaxed configuration (i.e.
number of turns imposed) where no torque is stored. All iterations were performed
starting at this “no torque” position. Twist and torque then increased as a result of
unwrapping nucleosomes. When a nucleosome is evicted the DNA is unwound, the
60
5.1 Nucleosome eviction
linking number (Lk) by definition remains unchanged (146).
∆Lk = ∆Tw + ∆Wr (5.1)
A nucleosome is a left-handed structure which has -1.6 writhe and a minor amount of
positive twist stored (147). In the case of a rotationally constrained molecule where the
linking number is constant, if the writhe is increased by the eviction of a nucleosome
then the twist decreases. It is energetically more favourable to maintain the DNA
wrapped around the protein octamer (writhe) than to produce twist along the molecule.
Therefore, more force would be required to evict nucleosomes in rotationally constrained
molecules.
The observation above is in agreement with theoretical work published recently (148).
The authors argue that an increase in linking number, as happens during the eviction
of nucleosomal particles from rotationally unconstrained molecules, decreases the nec-
essary tensile force. A discrepancy is though to be noted concerning the absolute force
values, their data showing lower eviction forces. This can be explained by their simu-
lation in conditions of a salt concentration of 150 mM.
Additionally, the observation that nucleosomes are more stable in torsionally con-
strained molecules is also in agreement with the reversome model (75). The nucleosomes
assume a right handed form when sufficient twist is applied. In this way the twist can
be buffered by accumulating more (positive) writhe.
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Figure 5.6: Eviction of H2AvD-nucleosomes. The data recorded from nucleosomal arrays
with the variant H2AvD is, to the naked eye, indistinguishable from that of canonical
molecules. The same low-force and high-force events occur, with similar force distribution.
5.2 Eviction of H2AvD-nucleosomes
In the last years an increasing number of studies have focussed on histone variant
H2A.Z, shedding more light on its role. Nevertheless much remains still unclear as
different orthologues have shown different function and distribution among the host
genomes (31). In order to clarify the effect of H2A.Z on nucleosomal mechanical prop-
erties, nucleosomal arrays containing H2AvD (D. melanogaster orthologue) have been
subjected to tensile experiments. The same tensile experiments were performed, as on
canonical nucleosomes (see Fig. 5.6). The molecules extended gradually until abrupt
evictions occurred at high forces. Reasonably, at first sight no distinction between
the two data sets could be made. The structural differences between H2AvD and its
canonical equivalent H2A are minor. A closer (quantitative) look at the data revealed
though how the reported molecular “switch” behaviour can be mechanically explained.
5.2.1 H2AvD-nucleosomes bind less inner turn DNA
The release of the inner turn of DNA from nucleosomes, which happens as an abrupt
rupture, was expected to release the same number of base pairs from virtually any nu-
cleosomal particle including the H3-H4 tetramer. On the contrary, the data collected
from canonical and variant nucleosomal arrays shows a small but significant differ-
ence (see Fig. 5.8a,b). Canonical histones released 25.5±9.2 nm of DNA, equal in size
and distribution to previous reports. The variant nucleosomes instead release less DNA
with only 21.5±9.4 nm. Given the large distribution of the data an unpaired t-test was
performed, resulting with a P value for the null hypothesis of <0.0001, which proves
that indeed the discrepancy is statistically significant.
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Figure 5.7: Comparison of eviction occurrence for (a) canonical nucleosomal arrays and
(b) arrays containing H2AvD. Notable is here the experimental limit posed by the low
maximum force achievable with a large portion of the magnetic beads used. Despite this
limitation, the data <28 pN can be compared (tinted background), as many data points
are clustered around ≈20 pN. See Fig. 5.8 for histograms of the eviction forces.
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Figure 5.8: Comparison of eviction force and step size distribution from canonical and
H2AvD nucleosomal arrays. (a) Canonical nucleosomal arrays release steps of approxi-
mately 25 nm while (b) H2AvD arrays exhibit smaller steps. (c) For canonical arrays the
majority of “low force” evictions (<28 pN) occurs at ≈10 and ≈20 pN. (d) The eviction of
H2AvD nucleosomes is broadly distributed in the range <28 pN, with a peak at ≈17 pN.
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Figure 5.9: Nucleosomes evicted could re-assemble at low forces. Plot of the relative
number of nucleosomes per iteration, normalized by the largest number found in any iter-
ation for each given molecule. The number of nucleosomes lost in solution by eviction is
higher for canonical nucleosomes (cyan) than for those containing H2AvD (red). Canonical
particles are able to re-assemble more often. Both data sets were fitted by an exponential
decay function (continuous lines).
5.2.2 H2AvD-nucleosomes evict at lower forces
The H2AvD nucleosomes also appear to evict in distinct force-populations, as described
above for the canonical ones. It is hard to draw conclusions from the eviction of “strong”
nucleosomes evicting at high force (>28 pN) due to the maximum force Fmag achievable
with some magnetic beads (see Fig. 5.7). Nevertheless it is possible to note that a
smaller fraction of nucleosomes are evicting at forces greater than 28 pN (Fig. 5.7b)
compared to the canonical nucleosomes.
The eviction events occurring at lower forces can be compared directly (see Fig. 5.10c
and 5.10d). In the case of the H2AvD-nucleosomal particles, the nucleosomes evicting
at forces below 28 pN have a lower average eviction force with an average of 16.97±0.32
pN (standard error of the mean) and a broader distribution. The majority of canonical
particles instead evicted at ≈10 and ≈20 pN (19.28±0.30 pN).
5.2.3 Likelihood of nucleosome reassembly
Over the course of a tensile experiment, each molecule was stretched repeatedly. The
number of nucleosomes evicted for each iteration gradually decreased (as described
above). The data shows that canonical nucleosomes have a higher likelihood to re-
assemble than variant ones (see Fig. 5.9). H2AvD nucleosomes are more likely to ir-
reversibly detach from the DNA. Above is shown that H2AvD nucleosomes exhibited
on average a weaker binding to DNA, compared to canonical particles. Possibly the
weaker binding is originating from the binding of a shorter DNA region. Therefore it
is not surprising that H2AvD nucleosomes are less prone to reassemble.
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Figure 5.10: Comparison of eviction force distribution for canonical (cyan) and H2AvD
nucleosomes (red). (a) The average force at which nucleosomes are evicted decreases pro-
gressively over consecutive iterations for canonical particles, while for variant nucleosomes
this phenomenon is less pronounced. (b) This is the result of a gradual decrease in the
number of nucleosomes outside of the “20 pN population”. These “strong” nucleosomes
are less present among variant particles.
5.2.4 Gradual weakening of nucleosomes
Independently of which data set is considered, a general trend can be observed: the
forces at which nucleosomes evict gradually decreases, iteration after iteration (see
Fig. 5.10a). Likewise, the number of nucleosomes evicting at forces >28 pN decreases,
in favour of those evicting at lower forces. As this “decay” is present similarly in
both data sets, any possible structural difference can be excluded as the origin of this
behaviour. Before tensile experiments can be performed, nucleosomes are reconstituted
by slow salt dialysis, therefore it can be assumed that the DNA is wrapped around the
protein in a highly regular manner as seen in crystal structures (8, 36). The mechanical
disruption is followed by a rapid spontaneous reassembly. It can be suggested that an
incomplete or incorrect reassembly of nucleosomes be the reason for the force “decay”
observed.
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5.2.5 Analysis software NucleoStep
The large amount of data recorded required an automated way to determine the size
and force at which the extension steps occurred. Initially the procedure developed by
Kerssemakers and colleagues was used (149). This was soon found inadequate. The
data produced during the tensile experiments on nucleosomal arrays included eviction
steps and a gradual stretching of the DNA. The DNA molecule stretching caused the
software to allocate false positives along the curve regions of the data.
The data produced stretching chromatin fibres produced steps which were clearly
larger than the noise levels, so a new software called “NucleoStep” (see Fig. 5.11, written
in Labview 8.2, National Instruments) was designed to automatically identify nucleo-
some eviction events and to automatize a tedious task and prevent any subjective bias
in size determination. The relatively high image acquisition frequency meant that the
actual steps constituted only a small fraction of the total data points (≈100.000 data
point per experiment). These two features allowed to make use of the empirical rule.
This rule states that most data (99.73%) lies within 3 standard deviations (σ) of the
mean. Typically the standard deviation was <1 nm. We therefore assumed that the
nucleosome eviction steps would be outside that confidence interval. Each data point
(i) is subtracted from the next, to determine the mean of the noise fluctuations and
the standard deviation. The differential data is accumulated over a window of 3-9
points to improve the “signal to noise” ratio. The noise decreased, being randomly
distributed between positive and negative values. Then followed a median filter with
a rank roughly equal to half the size of the accumulation window applied before plus
one. The determination of the step size is achieved by performing linear fits to the
data preceding and following the selected step i (over 50-300 data points). Step size
is computed as the difference between a point to the left and one to the right of the
step ((i+n)− (i−n)) (see Fig. 5.11c). The step sizes so determined are compared one
more time to the σ times another variable factor f2 (f1 > f2), in order to reduce the
number of false positives. For the data recorded at low tensile forces, where the noise
was larger, the data was subjected to a median filter over a window of 3-5 data points,
prior to analysis. For all steps, the corresponding magnet position is converted into the
estimated tensile force. To further aid the analysis, the software inserted the analysed
data in to a project file for the statistical software OriginPro (OriginLab Corp.) and
created pre-determined plots, such as force/extension or force/step size graphs.
5.3 Towards a rotor-bead assay on chromatin
The rotor-bead assay has not yet been applied widely due to a number of technical issues
which render its application difficult. The internal DNA labelling method described
above, has greatly improved the procedure by which a suitable DNA construct can be
created.
Q-dot binding in the magnetic tweezers was tested for use in the rotor-bead as-
say (79). The DNA is attached at one end to a glass surface and at the other end to a
magnetic bead. An externally applied field allows the stretching of the DNA away from
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1909 22.620 0.481  26.241
2201 23.442 0.433  28.222
2360 21.622 0.406  29.354
2743 23.398 0.342  32.295
2900 23.680 0.315  33.614
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3571 24.367 0.204  39.707
ROI
Figure 5.11: Analysis of nucleosome eviction events using the self-developed software
tool. (a) The software loads the data and the user is required to define the region of
interest (ROI), in which nucleosome eviction events are found. (b) The eviction steps are
identified as they lie outside of a range, defined as the standard deviation times a chosen
factor. In most cases a factor of 3 guarantees the identification of all steps. (c) The size of
the steps identified is determined from the difference between data points preceding and
following the event. Additionally the force at which each event occurred is computed from
the corresponding magnet position.
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Figure 5.12: Magnetic tweezers experiment with internally attached Q-dot. DNA
molecules with an attached Q-dot bound through internal biotinylation were stretched
in the vertical direction within a magnetic tweezers setup (see Inset in Figure 5.12b).
Q-dots were detected by fluorescence. (a) Fluorescence images taken at different focal (z-
) positions above the surface of the flow cell. At 0, 1.5 and 3µm a surface-bound Q-dot,
the internally attached Q-dot and the weakly auto-fluorescent magnetic bead were within
the focal position of the objective. This was in agreement with the expected positions,
since the Q-dot was internally attached at 4.4 kbp (≈ 1.5µm) while the full length of the
molecule was 9 kbp (≈ 3.0µm). (b) z-stack of a linear section across the surface- and the
DNA-bound Q-dot at different z-positions. (Inset) schematic representation of the exper-
imental configuration. DNA was drawn as a white line, Q-dots as small yellow spheres and
the magnetic bead as a large orange sphere. (c) An undesired off-centre attachment of the
DNA to the magnetic bead (black dots) caused the DNA to project a cone when twisted
(see cartoon). The attached quantum dot therefore moved along a circular trajectory and
was easily tracked (red dots).
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the surface (150). To achieve the binding of a fluorescent particle at an internal site one
needs 3 different attachments. One of them is the internal biotinylation approximately
in the centre of the molecule to allow Q-dot binding. The two additional attachments
are required for the ends, which were realized by ligating handles carrying digoxigenin-
and fluorescein-modified bases to an internally biotinylated 9 kbp DNA fragment, to al-
low binding to the antibody covered glass surface and the magnetic bead, respectively.
The DNA was first bound to Q-dots then to magnetic beads and introduced into the
flow cell of the magnetic tweezers. The presence of a Q-dot was verified by fluorescence
microscopy (Figure 5.12a). Moving the microscope objective into over-focus and taking
a z-stack of fluorescence images also the position of the Q-dot along the DNA could
be determined. Free surface bound Q-dots served as a reference in these experiments
(Figure 5.12b). In addition, I carried out DNA supercoiling measurements (105). Only
intact, i.e. unnicked DNA molecules reduce in length as response to external twist.
From a total of 20 DNA molecules found in the magnetic tweezers 70% carried an
internally attached Q-dot at the expected position (about 1.5µm above the surface).
50% of all molecules were intact and 35% of all molecules were both intact, i.e. su-
percoilable, and carried a Q-dot. I observed that on average about 50% of standard
magnetic tweezers substrates without internal modifications, which are produced by in-
termolecular ligations, are found to be intact. Thus the internal-modification scarcely
affects the fraction of intact molecules1.
The issue which remains unresolved for the application of the rotor-bead assay is
the reliable tracking of a fluorescent rotor-bead particle. Ideally this would combine
fluorescent stability with a small hydrodynamic radius. The first requirement is neces-
sary to guarantee prolonged measurements. A small size would prevent high drag forces
delaying the rotations of the bead around the DNA molecule, effectively reducing the
speed of experiments. On the contrary the small size of a rotor-bead poses tracking
problems. The spatial fluctuations arising from the flexibility of the DNA are indistin-
guishable from rotations of small particles around the small section of the DNA. An
increase in the frequency of data acquisition requires brighter reporter molecules.
1These results have been published in reference (127), the work was performed in collaboration
with F.W. Schwarz.
69
5. EVICTION OF NUCLEOSOMES
5.4 Discussion
The aim of this work was to elucidate the mechanical properties of H2A.Z proteins which
are responsible for their apparently contrasting role in different organisms. Nucleosomal
arrays were successfully reconstituted from recombinant histones and long repeats of
the nucleosome positioning sequence “Widom 601”. Their disruption under tensile
force occurred in two stages, gradually at low forces and with abrupt extensions at
forces above ≈15 pN. This reproduces previous findings (reviewed in (52, 143)). A
contribution of the histone dimers to the unwrapping of the inner turn DNA is here
reported for the first time. This was made possible by the comparison of nucleosomes
assembled with variant histone H2AvD to canonical nucleosomal core particles. H2AvD
nucleosomes are shown to evict at lower forces and to bind less inner turn DNA.
5.4.1 Nucleosome eviction in two stages
In the magnetic tweezers experiments, the observed gradual lengthening at low force
of the molecules can be most likely attributed to the unwrapping of the outer turn of
DNA from the nucleosomes and to the straightening of the linker DNA connecting the
nucleosomal particles. At low forces, the length information obtained from the magnetic
tweezers is characterized by noise of large amplitude. Rarely were steps discerned at
low forces, which might have been the result of a sudden outer turn DNA release.
The abrupt unwrapping of the inner turn of DNA from the protein core of nu-
cleosomal core particles was observed at forces above ≈15 pN. This may be partly a
result of the loading rate, but more probably it is due to the DNA sequence used.
The Widom 601 DNA sequence has a high affinity for the histone octamer (18). Fur-
thermore the solution in which the experiments were performed had low ionic strength,
stabilizing the contacts between the negatively charged DNA and the positively charged
histones.
The need for a higher force to unwrap the inner turn is easy to understand intu-
itively: the DNA wraps around a full turn, with more stabilizing interactions. Fur-
thermore there is a geometrical factor: the DNA is pulled in opposing directions over
the protein core. This must either deform and/or pivot around itself for the DNA to
be released (see Fig. 5.13a). In the case of the H2AvD nucleosomes where the DNA
binds a smaller portion of the protein core, the origin of the vectors pulling the DNA
ends apart might more easily be misaligned from the direction of the force by thermal
fluctuations (see Fig. 5.13b). In this case the unwrapping could occur at low forces.
A more quantitative explanation would be as given for the extrusion of plectonemes,
where the extrusion requires more energy per writhe than adding extra gyres to the
formed structure (105, 151).
5.4.2 The fate of dimers in single molecule experiments
It has been speculated that H2A-H2B histone dimers are lost irreversibly in solution
in the conditions often found in single-molecule experiments (64). In contrast the data
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Figure 5.13: Cartoon of the unwrapping of the inner turn DNA from nucleosomes. (a)
The DNA is pulled in opposing directions over the protein core therefore it must pivot
around itself for the DNA to be released. (b) Inner turn DNA unwrapping occurs at lower
forces for H2AvD nucleosomes. This might be due to the fact that less DNA is bound
to the protein core. This in turn might facilitate unwrapping. The more distant DNA
attachment points means that the origin of the vectors of the tensile force can be more
easily misaligned from the direction of the force.
presented in this work shows that a different dimer (canonical or H2AvD-H2B) effects
the mechanical properties of a nucleosome. Disruption of the inner turn of DNA can
occur at different forces, release more or less DNA or even influence the ability of NCPs
to reform after mechanical eviction. Therefore a fraction of the H2A-H2B dimers must
remain bound to the nucleosome particle, even if it is partly disrupted or misassembled.
Unexpectedly, the distribution of nucleosome evictions into distinct populations was
observed. One is centred around approximately 20 pN while another is at forces higher
than ≈30 pN. The fact that the“strong” nucleosomes are progressively less frequent
over iterations, leads to think that a transition to a less stable form may occur. The
re-formed nucleosomes might simply not have the correct and complete folding found
in the “strong” nucleosomes. A theoretical work suggests that the nucleosome protein
core unfolds as a result of the tails remaining tightly bound to the DNA (152).
A progressive decrease in eviction forces was observed for chromatin with linker
histone B4 (153): the number of high force events was progressively reduced. The au-
thors attributed this to a loss of the linker histone. Likewise the drop in force presented
here could alternatively indicate dimer loss. While it is generally believed that only
the tetramer was responsible for the 25 nm eviction, our comparison of canonical and
variant nucleosomes shows the influence of dimers on step size and force dependence.
In agreement with this is that the step sizes decrease over subsequent iterations for
canonical nucleosomes. H2AvD nucleosomes instead might show a more constant yet
smaller step size, reflecting the fact that they assume a more open conformation. The
dimers might detach from the tetramer and yet remain part of the nucleosomal particle
because of their stronger L1 loop interaction between dimers.
Different ionic conditions could be probed to verify if the high force population can
be destabilized. Alternatively experiments on single nucleosomes could discern if the
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same nucleosome can evict initially at high forces and in successive iterations at low
forces, supporting the idea of dimer loss.
5.4.3 Structural origin and biological relevance of the mechanical prop-
erties of H2AvD-nucleosomal core particles
Many investigations of the mechanical properties of nucleosomal arrays have been per-
formed over the last decade. The differences in the substrates used (native and recon-
stituted nucleosomal arrays) and experimental conditions has made it however difficult
to compare data from different sources. For this reason it was essential to charac-
terize canonical chromatin in our system, prior to the investigation of the mechanical
properties of nucleosomal arrays carrying H2AvD.
Interestingly, differences between the inner turn DNA release from canonical and
H2AvD nucleosomes were detected. H2AvD nucleosomes released less DNA from the
inner turn, furthermore these events occurred at lower forces.
The differences in the L1 loops of human H2A.Z do not alter the interactions of
the histone with the DNA, compared to a canonical particle (36). High structural
similarity between nucleosomes (154) and the almost identical amino acid sequence of
the two orthologues allows to infer that the same holds true for H2AvD from Drosophila
melanogaster.
In steered molecular dynamics simulations, the N-terminal tail of canonical H2A
was shown to retract from its DNA binding position at +42 to about +30 bp, when
the nucleosome is subjected to tensile force (152). As most of the differences between
H2AvD and H2A are located at the terminal tails, it is tempting to assume that a
similar re-arrangement might occur in variant nucleosomes. The H2AvD N-terminal
tail should then undergo an even larger re-arrangement, to justify the reduced forces
necessary to evict the nucleosomes and the decreased amount of DNA released. Such
an explanation can though be excluded as globular nucleosomes, without N-terminal
tails, are unwrapped from the inner DNA turn at slightly lower force (1.9±0.2 pN less)
but release approximately the same amount of DNA (62).
The smaller eviction steps recorded from H2AvD nucleosomes can possibly be ex-
plained by the unstable nature of the interaction between H3 and H2A.Z. The nucle-
osome might have a higher propensity to open the dimers than observed in a small
proportion of canonical nucleosomes (65). The propensity of the dimers to detach from
the tetramer might be a result of different interaction energies at the H3/H2A interface
and could explain the lower eviction forces. Under tension the DNA might then not
be pulled in opposing directions over the nucleosome, but rather the particle might
be more prone to pivot and release the DNA, as it happens in the case of the outer
DNA. Any influence of the different dimers on the folding of the tetramer, which might
in turn effect the amount of DNA released upon eviction, can be excluded from the
crystallographic data (8, 36).
The experiments performed on nucleosomal arrays allowed to improve the under-
standing of the molecular basis for the biological function of H2A.Z-family proteins.
Because of the weaker interaction between H2AvD and H3, homotypic nucleosomes
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containing them were thought to be less stable than canonical ones (36). Potentially
heterotypic nucleosomes could exhibit an even lower stability (39), as the L1 loop
between two H2AvD proteins is seen as major stability factor (155). This strong inter-
action was shown to be responsible for a more cooperative dimer loss in H2AvD-NCPs,
compared to canonical ones (156). Indeed cooperative dimer loss might be the reason
for a decreased ability for particles to reform after tensile disruption (see Fig. 5.2). This
is though in contrast to what might have been expected, since H2AvD has a longer
C-terminal tail which could have improved stability binding DNA close to the dyad. In
conclusion, H2Avd-nucleosomes constitute more dynamic structures, which are easier
to access. This could indeed explain contrasting reports: the protein might act as an
“easy” molecular switch, altering the existing state, be it gene activation or silencing.
Given the similarity between orthologues, it is possible to assume that their bio-
physical properties are similar. Therefore, the different biological role could be ascribed
to the context in which the nucleosome is found. This could include differences in the
positioning along the chromosomes or the gene, but also the proximity to nucleosome-
free regions or other variant nucleosomes. Additionally post-translational modifications
and the interaction with tissue/organism specific effector proteins could have a strong
influence on the role of the H2A.Z nucleosomes.
5.4.4 Monolithic or dynamic nucleosomes
The crystallographic structures of nucleosomes (8, 36) have led to view nucleosomes
as solid cylindrical structures. The so called “breathing” of nucleosomes was re-
ported (42, 157), the DNA rapidly and transiently unwrapped from the nucleosome
protein core. Therefore mechanical experiments performed on nucleosomes have always
explained the lengthening of a trapped molecule as the spooling of DNA away from the
protein core (158). The view of a monolithic histone octamer has been challenged, with
an increasing number of reports showing the weakness of the protein assembly (159).
Additionally “breathing” might be relegated to only entry/exit DNA regions and not to
the whole ≈1.7 turns. While the model of a nucleosome as a spool is widely accepted,
DNA breathing need not be the only dynamic behaviour of nucleosomes. After the
behaviour of nucleosomal arrays under torsion was observed (69, 75), a new model was
proposed to explain a torque-driven transition from a left-handed to a right-handed
nucleosome (reversome) (75). This transition depended upon the opening of nucleo-
somes in a way that the single proteins remained bound to the DNA but the contacts
between them were broken. This model is compatible with other reports which show
the nucleosome to be a very dynamic structure (65, 159, 160), allowing interactions
with other molecules to occur despite the dense genomic packaging.
The molecular crowding and the viscosity in the nucleus and the size of chromo-
somes is such that for example a transcriptionally active site can be seen as torsion-
ally constrained. Consequently enzymatic activity can generate torque which causes
downstream nucleosomes to undergo a chiral transition to the reversome. This more
open structure might indeed be the “readable” form of a nucleosome, such that DNA
replication or transcription can occur without causing major perturbations to the epi-
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genetic material. The propensity of nucleosomes to reverse their structure could be
a consequence of the torsional stiffness of DNA (161). When a neighbouring nucleo-
some is evicted there is a marginal increase in twist because of the stiffness of DNA,
therefore the writhe must therefore compensate and topological changes such as the
reversome (69) might occur.
The H2AvD nucleosome is shown in this work to release less DNA when evicted,
despite the crystal structure being quasi-identical to that of the canonical nucleosome.
This finding supports the idea of nucleosomes characterized by a dynamic structure.
The structural alterations occurring in nucleosomes might be microscopic, particularly
in comparison to the effects that they are thought to have on the activity of genes.
FRET experiments can yield precious spatial information but a single label per histone
is insufficient. It is necessary to map all histone rearrangements at a resolution higher
than achieved so far. In this perspective, this work makes another contribution provid-
ing also a novel technique to precisely label DNA, allowing to perform more complex
experiments.
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The structure of the nucleosome was revealed in great detail over 15 years ago (8).
This crystallographic view lead to a stereotyped view of the nucleosome being a static
and solid cylinder. This structure was portrayed as the building block of a chromatin
organized in well defined fibre structures, despite the lack of agreement about the form
of these fibres.
It was soon recognized that this view was in contrast with the highly dynamic func-
tion taking place in the nucleus (transcription, replication, DNA repair...). A sponta-
neous unwrapping and re-wrapping was first proposed to reconcile the two contrasting
views of a static structure performing dynamic functions. As more histone variants
and previously unknown protein modifications were found on histones, it became clear
that chromatin is akin to a complex ecosystem. Many different related and unrelated
protein species perform distinct tasks for the accomplishment of all necessary functions.
In particular H2A variant H2A.Z has raised particular interest due to the reports
showing contrasting roles. This work contributes to the field by illustrating the me-
chanical basis for the “molecular switch” properties of H2AvD/H2A.Z. Here H2AvD
nucleosomes are shown to be mechanically less stable and an explanation in agreement
with recent literature (65, 75) is provided.
Much work is being done to explain how other proteins interact with nucleosomes
and the DNA spooled around them. It is of fundamental importance to understand
the complex processes occurring around chromosomes, as the origins of diseases and
malfunctions lie not only in genomes but also in the epigenetic environment of genes.
There are still many notions and models concerning the nucleosome itself, which
are controversial. Despite the much work done, the role of many (recently discovered)
histone variants remains elusive. To understand the molecular mechanisms responsible
for their functions, single-molecule techniques represent a powerful approach which has
proven already to be able to provide valuable insight. The reversome (75) and open
nucleosome (65) models are contributing to break the view of the nucleosomes as a
monolithic structure.
In order to provide a reliable technique to perform more elaborate future exper-
iments in magnetic tweezers, a method for internal labelling of DNA was developed.
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Figure 6.1: Artistic representation of a chromatin remodeller at work.
This allows the attachment of a reporter molecule on long DNA substrates. The first
applications of this have already proven successful (105, 162) and the technique offers
promise for applications also in other approaches.
With the support of constant technical improvements, important insights are to be
expected from the biophysical investigations of chromatin.
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[145] I. M. Kulić and H. Schiessel, Chromatin dynamics:
nucleosomes go mobile through twist defects., Phys Rev
Lett 91, 148103 (2003) 60
[146] F. H. Crick, Linking numbers and nucleosomes., Proc
Natl Acad Sci U S A 73, 2639–2643 (1976) 61
[147] J. J. Hayes, T. D. Tullius and A. P. Wolffe, The
structure of dna in a nucleosome., Proc Natl Acad Sci
U S A 87, 7405–7409 (1990) 61
[148] G. Lanzani and H. Schiessel, Nucleosome response to
tension and torque, EPL (Europhysics Letters) 100,
48001 (2012) 61
[149] J. W. J. Kerssemakers, E. L. Munteanu, L. Laan, T. L.
Noetzel, M. E. Janson and M. Dogterom, Assembly
dynamics of microtubules at molecular resolution., Na-
ture 442, 709–712 (2006) 66
[150] D. Klaue and R. Seidel, Torsional stiffness of
single superparamagnetic microspheres in an external
magnetic field., Phys. Rev. Lett. 102, 028302 (2009)
69, 100
[151] B. C. Daniels, S. Forth, M. Y. Sheinin, M. D. Wang and
J. P. Sethna, Discontinuities at the dna supercoiling
transition., Phys Rev E Stat Nonlin Soft Matter Phys
80, 040901 (2009) 70
[152] R. Ettig, N. Kepper, R. Stehr, G. Wedemann and
K. Rippe, Dissecting dna-histone interactions in the
nucleosome by molecular dynamics simulations of dna
unwrapping., Biophys J 101, 1999–2008 (2011) 71, 72
[153] L. H. Pope, M. L. Bennink, K. A. van Leijenhorst-
Groener, D. Nikova, J. Greve and J. F. Marko, Single
chromatin fiber stretching reveals physically distinct
populations of disassembly events., Biophys J 88, 3572–
3583 (2005) 71
[154] C. R. Clapier, S. Chakravarthy, C. Petosa,
C. Fernández-Tornero, K. Luger and C. W. Müller,
Structure of the drosophila nucleosome core particle
highlights evolutionary constraints on the h2a-h2b
histone dimer., Proteins 71, 1–7 (2008) 72
[155] Y.-J. Park, P. N. Dyer, D. J. Tremethick and K. Luger,
A new fluorescence resonance energy transfer approach
demonstrates that the histone variant h2az stabilizes
the histone octamer within the nucleosome., J Biol
Chem 279, 24274–24282 (2004) 73
[156] D. A. Hoch, J. J. Stratton and L. M. Gloss,
Protein-protein förster resonance energy transfer
analysis of nucleosome core particles containing h2a
and h2a.z., J Mol Biol 371, 971–988 (2007) 73
[157] M. Tomschik, H. Zheng, K. van Holde, J. Zla-
tanova and S. H. Leuba, Fast, long-range, reversible
conformational fluctuations in nucleosomes revealed
by single-pair fluorescence resonance energy transfer.,
Proc Natl Acad Sci U S A 102, 3278–3283 (2005) 73
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Appendix
6.1 Internal labelling Procedure
An efficient labelling of samples is to be expected within a short timeframe (1-3 days), once
cloning of an appropriate substrate is achieved (3-5 days). The small number of steps necessary
for the labelling ensures that loss of material during the procedure is reduced. The latter
depends only on the recovery efficiency of the DNA purification kit used. Several ways of
determining the efficiency of labelling, dependent on the type of modification, are shown here
and elsewhere (127, 128). I here provide the protocol for producing 1-2µg (≈0.25-0.5 pmol) of
labelled plasmid DNA. This amount is sufficient for the necessary bulk experiments to verify
the labelling and a large number of single-molecule experiments.
6.1.1 Cloning
 TIMING 3-5 days
1. Phosphorylate the 5’-ends of 100 pmol of each cloning oligomer containing the five re-
peated BbvCI, i.e. “Top clone RR2” and “Bot clone RR2” (see Table 2) by using 10 units
T4 polynucleotide kinase in 20µl buffer provided by the manufacturer, supplemented with
1 mM ATP at 37 for 30 min. Heat inactivate at 65 for 20 min.
2. Hybridize the phosphorylated oligonucleotides. Adjust the buffer to 5 mM MgCl2, 200 mM
NaCl (50µl final volume), heat the solution to 95 and then cool to 10 at a rate of
-1/min.
3. Verify correct hybridization by polyacrylamide gel electrophoresis (163) (PAGE).
i. Cast a 12% acrylamide gel (19:1 acrylamide:bis-acrylamide) in 1x TBE buffer.
ii. Load 30 ng of the sample with an appropriate gel loading dye in a total volume of
6µl.
iii. Run for 70-90 min at 120 V.
iv. Stain in 0.5µg/ml ethidium bromide 1x TBE solution for 3-5 min.
v. Image using a standard gel imaging system.
4. Clean up the oligomers DNA using a commercial PCR/Gel extraction and purification
kit, following the manufacturer’s instructions and elute it into 50µl of water.
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5. Cut 2µg of the target plasmid with the restriction enzymes (1-5 units enzyme/mug DNA)
that will create the overhangs necessary for the insertion of the above prepared oligomer
duplex in 20µl buffer provided by the manufacturer at 37 for 30 min.
6. Heat-inactivate the restriction enzymes by incubating at 65 for 20 min.
7. Dephosphorylate all the cut plasmid DNA with 10 units antarctic phosphatase in the
reaction buffer provided by the manufacturer in a total volume of 30µl at 37 for
10 min.
8. Clean up the plasmid DNA using a commercial PCR/Gel extraction and purification kit,
following the manufacturer’s instructions and elute it into 50µl of water.
9. Mix 0.2µl of the phosphorylated dsDNA oligomer duplex (from Step 4) with 4.5µl of
the digested and dephosporylated recipient vector (from Step 8, results in a 3-5:1 molar
ratio) and ligate for 10 min at room temperature (RT = 25) with 400 units T4 ligase
in 20µl buffer provided by the manufacturer.
10. Add 1-2µl of ligation product (100-200 ng) to a 50µl aliquot of competent E. coli cells
and transform by electroporation at 1100 V in 1 mm gap electroporation cuvettes.
11. Add 1 ml of 37 warm LB medium. Grow the cells in a microcentrifuge tube at 37
for 1 hour while constantly shaking the solution at 600 rpm.
12. Plate 100µl of the E. coli culture onto an LB Agar plate containing an appropriate
antibiotic and grow overnight (O/N) at 37.
13. To screen for positive transformants, pick 5-10 colonies and grow them separately (O/N)
in 3 ml LB medium supplemented with the appropriate antibiotic.
14. Isolate plasmids from each culture using a commercial miniprep plasmid purification kit,
following manufacturer’s instructions. This yields about 15µg DNA in a volume of 50µl.
Determine the DNA concentration in a spectrophotometer.
15. Digest 500 ng (typically about 2µl) of each plasmid using Nt.BbvCI or Nb.BbvCI in
combination with an additional restriction enzyme (1-5 units enzyme/µg DNA) that cuts
the backbone of the recipient vector in 20µl appropriate buffer, at 37 for 30 min.
16. Separate 4µl of the digested plasmid DNA (50-100 ng) on a 1% agarose gel in TAE buffer
for 1 hour at 5 V/cm.
17. Stain the gel in a 0.5µg/ml solution of ethidium bromide for 10-20 min. Visualize the
DNA bands with a gel imager. Positive transformants will exhibit two fragments.
18. Confirm the insertion of the designed region by sequencing. Prepare larger amounts of a
correct clone: repeat Steps 9-15 with growing one picked colony in 50 ml culture medium.
Use a commercial midiprep plasmid purification kit suitable for larger DNA amounts.
This yields about 250µg DNA in a volume of 500µl. Determine the DNA concentration
in a spectrophotometer. This yields a target plasmid such as pNL Rep (127). Repeat
the cloning procedure if further labelling sites need to be introduced, as seen in plasmid
pNL RR2 (Fig. 3.2).
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6.1.2 Nicking & cutting
 TIMING 50-80 min
19. Nicking and cutting reactions can be carried out using option A (nicking only) or Op-
tion B (nicking and cutting simultaneously) to create circular or linear DNA substrates,
respectively:
A. Nicking reaction
i. Nick 3-4µg of the target plasmid pNL RR2 (or pNL Rep) using either Nt.BbvCI
or Nb.BbvCI depending on the strand to be labelled, for 30-60 minutes at 37
with 2-5 units enzyme perµg DNA in 20µl buffer supplied with the enzyme.
? Troubleshooting
B. Nicking and cutting simultaneously
i. If linear DNA is required, simultaneously nick and cut 3-4µg of the target
plasmid pNL RR2 (or pNL Rep) using either Nt.BbvCI or Nb.BbvCI and the
desired restriction enzymes, for 30-60 minutes at 37 with 2-5 units enzyme
perµg DNA in 20µl buffer that supports activity of all enzymes.
20. Inactivate the enzymes by the addition of 3µl 200 mM Tris-HCl, 400 mM EDTA at
pH 8.0.
6.1.3 The replace reaction
 TIMING 80 min
21. Add the insert DNA oligomer(s) carrying the internal modification(s) in a 100 molar
excess over the nicked DNA from Step 18 (30µl final volume). If multiple distant regions
are to be labelled, the different insert oligomers are added simultaneously.
N Critical step Note that if the labelled DNA is to be purified after ligation using
supercoiling (Step 23 B) or if opposite strand labelling is to be carried out (Step 24),
insert oligomers that are phosphorylated at their 5’-ends must be used (and the nicks that
are left after insertion must be subsequently sealed by ligation; see Step 22) to ensure
DNA integrity of the second strand labelling. Oligomers can either be phosphorylated
enzymatically using T4 Kinase (see Step 1) or directly purchased with 5’-phosphorylation.
? Troubleshooting
22. Heat the solution to 80 for 2 min and cool subsequently to 20 at a rate of -1/min
using a thermocycler. If unspecific labelling at the wrong locus occurs in multi-locus
labelling reactions (as assessed by a band shift assay, Step 25 A), a 2- to 10-fold slower
cooling rate should be applied in order to increase the specificity of the labelling.
N Critical step If fluorescently labelled oligomers are inserted, precautions have to be
taken throughout the procedure to prevent photo bleaching. Exposure to light, inap-
propriate chemical environments and high temperatures should be limited as much as
possible. Avoid any exposure to UV light during agarose gel purification.
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6.1.4 Purification
 TIMING 15 min or 90 min
23. Purify the final product from excess insert oligomers using either a standard spin column-
based PCR purification kit (option A), or by agarose gel extraction after electrophoresis
(option B). The gel extraction is more time consuming but ensures complete removal of
excess inserts, while after the simple kit purification significant amounts of inserts may
still be present:
N Critical step If opposite strand labelling is to be carried out (Step 24), simple kit
purifications will suffice after labelling the first strand.
A. Standard spin column-based PCR purification kit for rapid purification.
i. Use a standard spin column-based PCR purification kit to purify the reaction
from Step 20, following the manufacturer’s instructions.
N Critical step In some spin column purification kits it is possible to adjust
the concentration of the loading buffer to lower the retention of longer oligomers
(>20 bases). It is highly recommended to make use of this option.
B. Agarose gel extraction after electrophoresis for increased purity.
i. Separate the DNA from Step 20 on a 1% agarose gel in 1x TAE buffer at
5 V/cm.
ii. To avoid exposure to ethidium bromide and UV light when imaging the DNA
for excision, run a small quantity of the sample in an extra lane (reference lane)
next to the main part of the DNA sample (extraction lane)
iii. Cut off the reference lane and stain in 0.5µg/ml ethidium bromide TAE solu-
tion.
iv. Mark the position of the labelled DNA band with a scalpel during imaging
with UV light.
v. Switch off the UV light and place the extraction lane back next to the reference
lane. Use the marks on the reference lane to excise the appropriate DNA band
from the unstained extraction lane.
vi. Purify the excised DNA using a commercial PCR/Gel extraction and purifica-
tion kit, following the manufacturer’s instructions.
? Troubleshooting
6.1.5 Ligation (optional)
 TIMING 45-90 min
24. If necessary to ligate the DNA to seal the nicks remaining after insertion (see Step 19-21),
ligate the obtained DNA (2-3µg) using 400 units of T4 DNA ligase for 10-30 min at room
temperature (RT) in a total volume of 60µl buffer provided by the manufacturer.
25. Purify the ligated DNA either using the simple procedure in Option A or by the super-
coiling method shown in Option B.
A. Simple purification procedure
i. Purify the DNA according to Step 21. If gel purification is applied, a single gel
purification step either after the replace reaction or after the ligation combined
with a simple kit purification is sufficient.
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B. Separation by supercoiling
i. Alternatively, to obtain a high labelling efficiency, separate the ligated DNA
on a 1% agarose gel in 1x TAE buffer supplemented with 0.5µg/ml ethidium
bromide at 5 V/cm. Note, for this purification the target plasmid must re-
main circular, i.e. it may not be cut in Step 17, and 5’-phosphorylated insert
oligomers must be used (Step 19).
ii. Excise the successfully resealed DNA, i.e. the supercoiled DNA, which migrates
faster than non-resealed, nicked DNA (see Fig. 3.6c).
N Critical step Avoid exposure of the ethidium bromide stained DNA to UV
light (see Step 21B), since this may cause DNA damage.
N Critical step For opposite strand labelling (Step 24) the sealing of nicks
is absolutely required. Ensure that the ligation efficiency is high. This can be
assessed by quantifying the conversion of nicked DNA into supercoiled DNA
according to Step 23 B. Nicked DNA is better stained by ethidium bromide than
intact DNA with religated nicks. For quantification of the conversion efficiency
it is therefore advisable to compare the amount of nicked DNA before and after
ligation.
 Pause point Samples can be stored for up to one month at 4 and for up
to one year at -20, before proceeding to the labelling of the second strand.
Repeated cycles of freezing/thawing may slightly increase the number of nicked
molecules.
6.1.6 Opposite strand labelling
 TIMING 210 min
26. Repeat Steps 17-23 to nick the DNA using the enzyme that nicks the unlabeled strand.
N Critical step As stated above, implement measures to prevent bleaching in the case
of fluorescently labelled oligomers.
? Troubleshooting
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Throughout the procedure it may be important to monitor the outcome of the intermediate steps in
order to optimize labelling efficiencies and to trouble-shoot. For this reason a series of control samples
can be prepared and compared to the labelled substrate.
Nicking and gap formation
Correct nicking and gap formation on the target DNA can be verified by PAGE (127). Nicked and
gapped substrates exhibit altered mobilities compared to intact ones and can thus be distinguished.
The replace reaction
To verify the correct insertion of the insert oligomer, PAGE can be used (see above). Fragments carrying
the insert run faster than gapped fragments on the gel (127). To test the specificity of oligomer insertion
in single and multi-locus labelling reactions, inserts without the chemical or structural label can be
used as negative controls. For fragments carrying these inserts, no internal labelling should be found
when assessing the results of the reaction (Steps 25 A–C). The use of unlabelled insert oligomers is also
important when interpreting fluorescence measurements (Steps B,C) to account for spectral cross-talk.
Ligation
To verify the efficiency and specificity of the oligomer insertion as well as the ligation efficiency, lig-
ation reactions should be carried out for labelled DNA substrates carrying non-phosphorylated insert
oligomers. These substrates should remain nicked after ligation as assessed on an agarose gel pre-stained
with ethidium bromide (Step 23B).
Box 1 | Controls
6.1.7 Assessing the results of the labelling reaction
 TIMING 2 hours (each option)
27. Verify the results of the procedure using the following approaches.
A. Band shift assay
i. Dialyze 50 fmol streptavidin coated Q-dots for 30 min against phosphate buffered
saline (PBS), using dialysis membrane filters.
ii. Incubate 10 fmol biotin-labelled DNA with a 5 molar excess of streptavidin
coated Q-dots, in in a total volume of 10µl for 20 min at room temperature.
For this, it is recommended to use a sample in which the plasmid DNA is also
cut during the nicking reaction, so to create labelled and unlabelled fragments.
The latter act as a control for the specificity of the binding to Q-dots.
iii. Separate the DNA fragments on a 1% agarose gel in 1x TAE for 1 hour at
5 V/cm. Stain the gel with a solution of 0.5µg/ml ethidium bromide for 10-
20 min.
iv. Separately image the DNA and quantum dot bands using a laser-excitation
based gel scanner by separate excitation and detection of ethidium bromide and
Q-dots. Alternatively, image the gel with a conventional gel imaging system
before and after staining with ethidium bromide to discern the fluorescence of
the Q-dots from that of the ethidium bromide-stained DNA. DNA fragments
with quantum dots bound appear to be retarded on the gel.
B. Pulldown
i. Incubate 16.5 fmol of biotinylated DNA for 10 min with 0.032 fmol pre-washed
streptavidin-coated magnetic beads (M-280, Invitrogen, Carlsbad, CA, USA)
in PBS containing 0.1 mg/ml BSA and 100 mM NaCl.
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ii. After pelleting the beads within a magnetic rack, collect the supernatant.
iii. Analyse all DNA samples on 1% agarose gels in TAE buffer or 5% polyacry-
lamide in TBE buffer and subsequently stain with ethidium bromide.
C. FRET detection in agarose gels
i. Prepare the following samples according to Steps 23B and 26: a DNA fragment
labelled with Alexa Fluor 488 on its top strand (donor control); a DNA frag-
ment labelled with Alexa Fluor 594 on its bottom strand (acceptor control);
and a DNA fragment labelled with both fluorophores (FRET sample). In ad-
dition, include a control in which equal amounts of the donor and the acceptor
control are mixed together (mixed control).
ii. Separate the three DNA samples by agarose gel electrophoresis (as in steps
15-16).
iii. Image the gel using a gel scanner to verify the labelling of the samples. Use
the following settings:
a. donor control - 488 nm laser and 526 nm SP filter;
b. acceptor control - 532 nm laser and 670 BP 30 filter;
c. FRET sample - 488 nm laser and 670 BP 30 filter;
d. mixed control – 488 nm laser and 670 BP 30 filter.
The samples with a single modification are visible only when excited and visu-
alized with the correct laser and emission filter. In contrast, the FRET sample
(which carries both labels) can be visualized upon excitation of the donor and
using the emission filter appropriate for the acceptor.
D. Single-molecule FRET
i. Gel-purify the double-labelled sample from Step 25B to remove all excess
oligomers that are not incorporated into the substrate molecule.
ii. Dilute samples to sub-nanomolar concentration in PBS to ensure that only
single molecules cross the focal volume of the confocal measurement setup at
any given moment.
iii. Use a 488 nm laser for excitation of the donor fluorophore as well as a 561 nm
and a 615 nm LP filter for the emission of the donor and acceptor dyes.
iv. Collect data from both the donor and acceptor channels over 600 s.
v. Detect fluorescence bursts corresponding to the presence of a single DNA
molecule in the laser focus (83) and calculate the FRET efficiency by dividing
the acceptor signal by the total signal of both detection channels.
E. AFM imaging
i. Dilute 3 µL of DNA sample to a concentration of 0.5 ng/µL in buffer (10 mM
Tris-HCl pH 8 and 5 mM MgCl2)
ii. Place onto freshly cleaved mica supports for 5 min, wash twice with buffer and
dry under a gentle stream of nitrogen.
iii. For AFM imaging of Q-dot–DNA assemblies, dialyse Q-dots against 10 mM
Tris-HCl pH 8 for 30 min prior incubation with DNA (see pulldown).
AFM imaging was performed in intermittent contact mode in air using a
JPK Nanowizard atomic force microscope (AFM) and Olympus cantilevers
(AC160TS). Analyse AFM images using WSxM 3 software (164).
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Step Problem Possible reason Solution
Cloning Failure to introduce Unsatisfactory Improve sequence designs
the designed sequence hybridization of
cloning oligomers
Nicking Sample degradation Excessive unspecific Reduce nicking enzyme
& cutting nicking amount and/or reaction time
Replace No replace Design error Improve sequence designs
reaction reducing secondary structure
Insufficient nicking Increase amount of nicking enzyme
Verify nicking by PAGE (Box 1)
No label introduced Poor oligomer Isolation of labelled oligomers
synthesis/labelling via PAGE
Unspecific multi-loci Insufficient difference New sequence design;
labelling between designed reduced cooling rate during replace
sequences
Purification No pulldown Free labelled replace Repeat purification with spin column
no gel shift oligomers in solution kit diluting the loading buffer;
agarose gel purification;
reduce amount of oligo
Second Sample degradation Failure to seal Insure complete 5’ phosphorylation
strand top strand nick of first strand replace oligomer;
labelling improve ligation efficiency
No detection of Bleaching during Reduce exposure to light,
fluorophores handling extreme pH and temperature
Box 2 | Troubleshooting guide
Equipment
 LSM 780 and ConfoCor3 (Zeiss). Inverted Laser Scanning Confocal microscope with
F(C)CS capability.
 Typhoon 9410 gel scanner (GE Healthcare).
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6.2 Chromatin reconstitution
6.2.1 Long array of NPSs
 Microplate Unifilter (96 wells, 800µl, Whatman GF/F filter. Whatman - 7700-2810)
6.2.2 Expression and purification of histone proteins
Protein expression
This protocol and all other histone/chromatin protocols were adapted from Angelika Mitter-
weger’s and Verena Maier’s (LMU) protocols.
N Critical Add 2-Mercaptoethanol, DTT, PMSF and UREA always freshly.
Day 1
1. Transform an aliquot of electrocompetent E.coli (protein expression strain) with 1µg of
expression plasmid.
2. Incubate in 200 ml pre-warmed LB medium for 1 h at 37 shaking.
3. Add the appropriate antibiotic(s) (Ampicillin 100µl/L, Chloramphenicol 25-50µgl/L)
and 1% glucose in the case of leaky expression, incubate O/N at 37 shaking.
Day 2
4. Add 20 ml of the preculture to 6 L LB medium (supplemented with the appropriate
antibiotics).
5. Monitor bacterial growth until OD600 = 0.6 (circa 2-4 h) and when reached take a 500µl
aliquot (pre-induction control for the expression check, see below). Pellet the cells briefly
in a tabletop centrifuge (30-120 s at 16000 rcf) and store at 4 until expression is termi-
nated.
6. Induce histone expression by adding 1 mM IPTG and continue incubation for an addi-
tional 2 h.
7. Take a 500µl aliquot and pellet the cells (post-induction control sample, see Step 10),
measure OD600.
8. Spin down the rest of the culture (39000 rcf for 20 min), discard the supernatant and
freeze the pellet.
9. Resuspend the cells from the pre- and post-induction controls in the Urea/DTT sample
buffer like following: for OD600 = 0.6, resuspend in 30µl. Heat samples for 15 min to
65.
10. Run an 18% SDS-PAGE (1-2 h at 120 V) to compare pre- and post-induction control to
verify successful expression and check for leaky expression, load 5µl of each sample.
Urea/DTT sample buffer: 9 M Urea, 1% SDS, 25 mM Tris pH 6.6, 1 mM EDTA, 100 mM
DTT
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Isolation of inclusion bodies
1. Resuspend the bacterial pellets with 15 ml Wash buffer.
2. Add 0.2 mM PMSF and 5 mM 2-Mercaptoethanol.
3. Homogenize by pipetting up and down with a plastic pipette.
4. Crack the cells by 3-6 runs with a French press at a pressure of 1000 psi.
5. Sonicate in a Falcon tube (on ice) for 5 min with pulse 5 sec on/5 sec off, amplitude 70%.
6. Spin down (20 min at 39000 rcf, 4).
7. Wash the pellet once with 40 ml of Triton Wash buffer.
8. Spin down (20 min at 39000 rcf, 4).
9. Wash the pellet twice with 40 ml of Wash buffer.
10. Spin down (20 min at 39000 rcf, 4).
11. Freeze the pellet at -20.
Wash buffer: 50 mM Tris-HCL pH 7.5, 100 mM NaCl, 1 mM EDTA pH 8.0, 5 mM 2-Mercaptoethanol,
0.1 mM PMSF
Triton Wash buffer: as above + 1% Triton X-100
Inclusion bodies unfolding
1. Add 0.5-1 ml DMSO to the frozen pellet, wait until it has thawed.
2. Homogenize with a 2-3 ml of Unfolding buffer using a pipette.
3. Fill up to a volume of 25-40 ml, add DTT to a final conc. of 10 mM.
4. Incubate 30-60 min on a rotating wheel at RT.
5. Spin down (20 min at 39000 rcf, 4).
6. Dialyze O/N against 3 L of Sau200, at 4.
Unfolding buffer: 7 M Guanidium-HCL, 20 mM Tris pH 7.5, 10 mM DTT
Histone purification
Use the HiTrap SP HP 5 ml column (GE Healthcare - 17-1152-01), these have a binding capacity
of 50-70 mg of protein. Buffer A and Buffer B are buffers Sau200 and Sau600 respectively. 0%
Buffer B corresponds to 100% Buffer A. Carry out the purification at 8 as proteases become
much more active at elevated temperatures. The high molarity of Urea in the buffers renders
them very viscous at low temperatures, for this reason the chromatography wasn’t performed
at 4.
N Critical Always filter and degas buffers before use in chromatography equipment.
1. Spin down the dialysed sample (10 min at 39000 rcf, 4).
2. Set Alarm Pressure to 1 MPa.
3. take 1 ml fractions.
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4. Equilibrate column in 0% Buffer B (2.00 ml/min).
5. Load sample with 1 ml/min.
6. Wash Out Unbound Sample with 3 CV.
7. increase flow to 2.00 ml/min.
8. Gradient 0 to 100% Buffer B over 12 CV.
9. Wash column with 2 CV 100% Buffer B, equilibrate again in 0% Buffer B.
10. Store column in 20% ethanol.
11. Analyse fractions corresponding to the elution profile by SDS-PAGE.
12. Pool according to the purity of the fractions.
13. Dialyse O/N against 3 L water, at 4.
14. Measure the concentration and aliquot in 1 mg portions, freeze in liquid nitrogen, store
at -80.
15. Lyophilize the aliquots O/N.
Sau200: 7 M Urea, 20 mM Sodium Acetate pH 5.2, 200 mM NaCl, 1 mM EDTA pH 8.0, 5 mM
2-Mercaptoethanol
Sau600: 7 M Urea, 20 mM Sodium Acetate pH 5.2, 600 mM NaCl, 1 mM EDTA pH 8.0, 5 mM
2-Mercaptoethanol
Octamer reconstitution
1. Prepare 100 ml of Unfolding buffer and 6.5 L of Refolding buffer.
2. Dissolve each histone aliquot to a conc. of 2 mg/ml in Unfolding buffer and incubate for
30-180 min at RT.
3. Determine histone concentration by measuring the Absorbance at 280 nm.
4. Mix the four core histones (ratio 3:3:2:2, H2A:H2B:H3:H4).
5. Adjust to a final concentration of 2 mg/ml using unfolding buffer.
6. Dialyse (O/N at 4) against 6 L of refolding buffer.
7. Remove the particles which haven’t dissolved by centrifugation.
8. Concentrate to a final volume of 2 ml using concentrating columns (30 MWCO, use max-
imum supported speed).
Refolding buffer: 2 M NaCl, 10 mM Tris pH 7.5, 1 mM EDTA, 5 mM 2-Mercaptoethanol
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Gel filtration
Use a Superdex 200 column (GE Healthcare - 17-1152-01). Perform the filtration at 8 as
proteases become much more active at elevated temperatures. The high molarity of Guanidium-
HCL and NaCl in the buffers renders them very viscous at low temperatures, for this reason the
chromatography wasn’t performed at 4. It is recommended to make a calibration run with
proteins of known size, to better estimate the elution of species (octamers, hexamers, tetramers,
dimers and single histone proteins).
N Critical Always filter and degas buffers before use in chromatography equipment.
1. Equilibrate column with refolding buffer (filtered)
2. Set flow rate to 1 ml/min
3. Collect 1 ml fractions
4. Check purity and stoichiometry of the four histone proteins from the octamers by SDS-
PAGE.
5. Determine octamer concentration (A280 ≈ 0.35 for 1 mg/ml).
6. Freeze in 50% glycerol at -20.
6.2.3 Reconstitution of nucleosomal arrays and biochemical charac-
terization
Chromatin reconstitution
For bulk experiments plasmids pUC18-12x601 or pUC18-48x601 are digested with EcoRI,
HindIII and DraI. For tweezers experiments the ligation mixture is purified using a spin-kit.
The amount of octamers to be added needs to be titrated to find the optimal ratio of protein
to DNA (consider only the Widom601 repeats). A molar ratio of 2.4-2.6 to 1 works best for
the plasmid DNA. A molar ratio of 1:1 corresponds to a mass ratio of 0.85:1 (protein:DNA).
N Critical Whenever pipetting histones or chromatin fibres, use protein low-binding tips (Ep-
pendorf - 022431064).
1. Pre-block dialysis tubes (Thermo scientific - 69560, MWCO 7 kDa) with 100µl of DB500+2 mg/ml
BSA (New England Biolabs - B9001S) for 2 hours, then rinse 5 times with DB500 to re-
move excess BSA.
2. Prepare the reconstitution mix (50µl total volume) as follows: 10 mM TrisCl pH 7.6,
0.1 mg/ml BSA, 1.8 M NaCl, and the appropriate amount of DNA and octamers.
3. Transfer the mix to the blocked and rinsed dialysis tubes, float the tubes on 200 ml
DB2000.
4. Perform a salt dialysis by adding 1800 ml DB0 at 4 with stirring (2.5 ml/min =
12 hours).
5. Exchange the buffer for DB50 and incubate for one more hour.
DB2000: 2 M NaCl, 10 mM Tris-Cl pH 7.6, 1 mM EDTA pH 8.0, 0.01% v/v NP40, 1 mM 2-
Mercaptoethanol
DB500: 500 mM NaCl, 10 mM Tris-Cl pH 7.6, 1 mM EDTA pH 8.0, 0.01% v/v NP40
DB50: 50 mM NaCl, 10 mM Tris-Cl pH 7.6, 1 mM EDTA pH 8.0, 1 mM 2-Mercaptoethanol
DB0: 10 mM Tris-Cl pH 7.6, 1 mM EDTA pH 8.0 1 mM 2-Mercaptoethanol
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Precipitation of nucleosomal arrays
1. Collect the samples from the dialysis tubes.
2. Add 1/50 Vol of 250 mM MgCl2 incubate on ice for 15 min and then centrifuge (16,000 rcf,
15 min, 4).
3. The arrays are resuspended in (20-30µl) TE buffer.
Tweezers constructs with nucleosomes
 Biotin-16-dUTP (Roche - 11093070910)
 Digoxygenin-11-dUTP (Roche - 11093088910)
PCR for modified handles
Modified DNA fragments were produced by polymerase chain reaction using Taq polymerase,
adding a proportion of modified dUTPs to the reaction. These were then randomly included
in place of a TTP.
Electrocompetent E. coli cells The addition of a certain antibiotic might be necessary
for those strains which carry plasmids, such as those often present in expression strains.
Work rapidly when aliquoting and freezing the cells. Bring asap to storage after freezing. If
the cells thaw again they loose competence.
Day 1
1. Culture the cells O/N in 10 ml LB medium.
Day 2
2. Use the O/N culture to inoculate 1 L of LB medium, grow until OD600 reaches 0.6 (approx
4 h).
3. Store the cells for 15 min at +4 to inhibit further growth.
4. Centrifuge for 15 min at 16900 rcf at +4.
5. Resuspend the pellet in 1 L ice cold H2O.
6. Centrifuge for 15 min at 16900 rcf at +4.
7. Resuspend in 500 ml ice cold H2O.
8. Centrifuge for 15 min at 16900 rcf at +4.
9. Resuspend in 20 ml 10% glycerol.
10. Centrifuge for 15 min at 16900 rcf at +4.
11. Resuspend in 2 ml 10% glycerol.
12. Make 50µl aliquots.
13. Shock-freeze in liquid nitrogen, store at -80.
95
6. APPENDIX
Table 6.1: List of restriction enzymes used for cloning and internal labeling. All were
purchased from New England Biolabs
Name recognition sequence
BbvCI
CCHTCAGC
GGAGTNCG
Nt.BbvCI
CCHTCAGC
GGAGTCG
Nb.BbvCI
CCTCAGC
GGAGTNCG
BstXI
CCANNNNNHNTGG
GGTNNNNNNNACC
AvaI
CHYCGRG
GRGCYNC
AluI
AGHCT
TCNGA
BseYI
CHCCAGC
GGGTCNG
EcoO109I
RGHGNCCY
YCCNGNGR
HindIII
AHAGCTT
TTCGANA
EcoRI
GHAATTC
CTTAANG
EcoRV
GATHATC
CTANTAG
6.2.4 Simple Phenol:chloroform isolation of DNA
 If the volumes of the samples are different it is recommended to bring them up to a
common minimum volume by the addition of TE.
 Addition of 1 volume of Phenol:chloroform:isoamyl alcohol.
 Vortex thoroughly.
 Centrifuge for 3 min @ 16000 RCF.
 Take the aqueous phase. Add loading an appropriate loading dye to the samples prior to
electrophoresis.
96
6.2 Chromatin reconstitution
T
a
b
le
6
.2
:
B
ac
te
ri
al
st
ra
in
s
u
se
d
fo
r
p
la
sm
id
a
m
p
li
fi
ca
ti
o
n
a
n
d
p
ro
te
in
ex
p
re
ss
io
n
.
N
a
m
e
G
e
n
o
t
y
p
e
S
o
u
r
c
e
/
R
e
f
e
r
e
n
c
e
N
E
B
5
-
α
f
h
u
A
2
∆
(
a
rg
F
−
la
cZ
)
U
1
6
9
p
h
oA
g
ln
V
4
4
φ
8
0
∆
(
la
cZ
)
M
1
5
N
e
w
E
n
g
l
a
n
d
B
i
o
l
a
b
s
g
y
rA
9
6
re
cA
1
re
lA
1
en
d
A
1
th
i
−
1
h
sd
R
1
7
G
B
2
0
0
6
U
n
d
i
s
c
l
o
s
e
d
F
.
S
t
e
w
a
r
t
,
T
U
D
r
e
s
d
e
n
B
L
2
1
-
C
o
d
o
n
P
l
u
s
(
D
E
3
)
-
R
I
L
B
F
−
om
p
T
h
sd
S
(
r
− B
m
− B
)
d
cm
+
T
e
t
r
g
a
lλ
(
D
E
3
)
e
n
d
A
H
t
e
[
a
r
g
U
i
l
e
Y
l
e
u
W
C
a
m
r
]
S
t
r
a
t
a
g
e
n
e
B
L
2
1
(
D
E
3
)
p
L
y
s
S
B
F
−
d
cm
om
p
T
h
sd
S
(
r
− B
m
− B
)
g
a
lλ
(
D
E
3
)
[
p
L
y
s
C
a
m
r
]
S
t
r
a
t
a
g
e
n
e
97
6. APPENDIX
T
a
b
le
6
.3
:
B
acterial
p
la
sm
id
s
u
sed
fo
r
clo
n
in
g
a
n
d
p
rotein
ex
p
ression
.
N
a
m
e
D
e
s
c
r
i
p
t
i
o
n
(
‘
‘
i
n
s
.
"
=
i
n
s
e
r
t
i
o
n
)
R
e
s
i
s
t
a
n
c
e
m
a
r
k
e
r
S
o
u
r
c
e
p
B
l
u
e
s
c
r
i
p
t
I
I
S
K
+
C
o
m
m
e
r
c
i
a
l
c
l
o
n
i
n
g
v
e
c
t
o
r
(
p
h
a
g
e
m
i
d
)
A
m
p
i
c
i
l
l
i
n
S
t
r
a
t
a
g
e
n
e
p
B
l
u
e
1
2
4
λ
p
B
l
u
e
s
c
r
i
p
t
I
I
S
K
+
d
e
r
i
v
a
t
i
v
e
,
r
e
g
i
o
n
s
1
,
2
&
4
o
f
p
h
a
g
e
λ
g
e
n
o
m
e
A
m
p
.
S
e
i
d
e
l
R
.
p
B
l
u
e
2
4
λ
d
e
r
i
v
a
t
i
v
e
o
f
p
B
l
u
e
1
2
4
,
λ
r
e
g
i
o
n
1
r
e
m
o
v
e
d
A
m
p
.
L
u
z
z
i
e
t
t
i
N
.
(
L
N
)
p
N
L
r
e
p
p
B
l
u
e
2
4
d
e
r
i
v
a
t
i
v
e
,
i
n
s
.
r
e
p
l
a
c
e
r
e
g
i
o
n
R
R
1
(
a
k
a
p
B
l
u
e
s
c
r
i
p
t
2
4
r
o
t
o
r
)
A
m
p
.
L
N
p
N
L
R
R
2
p
N
L
r
e
p
d
e
r
i
v
a
t
i
v
e
,
i
n
s
.
r
e
p
l
a
c
e
r
e
g
i
o
n
R
R
2
A
m
p
.
L
N
p
N
L
R
o
t
o
r
2
p
N
L
r
e
p
d
e
r
i
v
a
t
i
v
e
,
i
n
s
.
r
e
s
t
r
i
c
t
i
o
n
s
i
t
e
s
A
m
p
.
L
N
f
o
r
t
h
e
r
o
t
o
r
b
e
a
d
a
s
s
a
y
,
r
e
p
.
r
e
g
i
o
n
≈
3
0
0
n
m
a
b
o
v
e
s
u
r
f
a
c
e
p
N
L
R
o
t
o
r
1
1
p
N
L
r
e
p
d
e
r
i
v
a
t
i
v
e
,
i
n
s
.
r
e
s
t
r
i
c
t
i
o
n
s
i
t
e
s
A
m
p
.
L
N
(
i
n
v
.
w
i
t
h
r
e
s
p
e
c
t
t
o
p
N
L
R
o
t
o
r
2
)
,
f
o
r
t
h
e
r
o
t
o
r
b
e
a
d
a
s
s
a
y
p
U
C
1
9
C
l
o
n
i
n
g
v
e
c
t
o
r
A
m
p
.
(
1
6
5
)
p
U
C
1
8
p
U
C
1
9
d
e
r
i
v
a
t
i
v
e
A
m
p
.
(
1
6
5
)
p
U
C
1
8
-
1
2
x
6
0
1
p
U
C
1
8
d
e
r
i
v
a
t
i
v
e
,
i
n
s
.
a
r
r
a
y
o
f
1
2
r
e
p
e
a
t
s
o
f
2
0
0
b
p
(
W
i
d
o
m
6
0
1
)
A
m
p
.
R
h
o
d
e
s
D
.
p
U
C
1
8
-
A
v
a
I
p
U
C
1
8
d
e
r
i
v
a
t
i
v
e
,
i
n
s
.
A
v
a
I
s
i
t
e
i
n
t
h
e
M
C
S
A
m
p
.
L
N
p
U
C
1
8
-
4
8
x
6
0
1
p
U
C
1
8
d
e
r
i
v
a
t
i
v
e
,
i
n
s
.
a
r
r
a
y
o
f
4
8
r
e
p
e
a
t
s
o
f
a
1
9
7
b
p
(
W
i
d
o
m
6
0
1
)
A
m
p
.
L
N
p
U
C
1
8
-
1
x
6
0
1
p
U
C
1
8
d
e
r
i
v
a
t
i
v
e
,
i
n
s
.
i
n
s
e
r
t
o
f
1
9
7
b
p
(
W
i
d
o
m
6
0
1
)
A
m
p
.
L
N
p
U
C
1
8
-
2
x
6
0
1
p
U
C
1
8
d
e
r
i
v
a
t
i
v
e
,
i
n
s
.
t
w
o
1
9
7
b
p
-
l
o
n
g
s
e
q
u
e
n
c
e
s
(
W
i
d
o
m
6
0
1
)
A
m
p
.
L
N
p
U
C
1
8
-
4
x
6
0
1
p
U
C
1
8
d
e
r
i
v
a
t
i
v
e
,
i
n
s
.
f
o
u
r
1
9
7
b
p
-
l
o
n
g
s
e
q
u
e
n
c
e
s
(
W
i
d
o
m
6
0
1
)
A
m
p
.
L
N
p
E
T
3
a
P
l
a
s
m
i
d
e
n
g
i
n
e
e
r
e
d
f
o
r
p
r
o
t
e
i
n
e
x
p
r
e
s
s
i
o
n
A
m
p
.
(
1
6
6
)
p
E
T
1
5
b
P
l
a
s
m
i
d
e
n
g
i
n
e
e
r
e
d
f
o
r
p
r
o
t
e
i
n
e
x
p
r
e
s
s
i
o
n
A
m
p
.
(
1
6
6
)
p
E
T
2
8
a
P
l
a
s
m
i
d
e
n
g
i
n
e
e
r
e
d
f
o
r
p
r
o
t
e
i
n
e
x
p
r
e
s
s
i
o
n
K
a
n
a
m
y
c
i
n
(
1
6
6
)
p
E
x
p
-
H
2
A
i
n
s
.
D
.
m
e
l
a
n
o
g
a
s
t
e
r
H
2
A
g
e
n
e
A
m
p
.
B
e
c
k
e
r
P
.
p
E
x
p
-
H
2
A
-
o
p
t
i
n
s
.
c
o
d
o
n
-
o
p
t
i
m
i
z
e
d
D
.
m
e
l
a
n
o
g
a
s
t
e
r
H
2
A
g
e
n
e
A
m
p
.
M
ü
l
l
e
r
-
P
l
a
n
i
t
z
F
.
p
E
x
p
-
H
2
B
i
n
s
.
D
.
m
e
l
a
n
o
g
a
s
t
e
r
H
2
B
g
e
n
e
A
m
p
.
B
e
c
k
e
r
P
.
p
E
x
p
-
H
2
B
-
o
p
t
i
n
s
.
c
o
d
o
n
-
o
p
t
i
m
i
z
e
d
D
.
m
e
l
a
n
o
g
a
s
t
e
r
H
2
B
g
e
n
e
A
m
p
.
M
ü
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a b c
Figure 6.2: Schematic depiction of DNA functionalizations for binding to (a) the magnetic
bead via (fluorescein–α-fluorescein antibody), (b) to the fluorescent rotor-bead (biotin–
streptavidin) and (c) to the glass surface (digoxygenin–α-digoxygenin antibody).
6.3 Magnetic tweezers experiments
6.3.1 Flow cell assembly
Flow cells for MT experiments are assembled by sandwiching a small piece of Parafilm (Pechiney
Plastic Packaging Company) between two cover slides. The upper cover slide has holes close to
the extremities, cut using a laser cutter (Speedy100, Trotec). Both cover slides are cleaned by
sonication in isopropanol and acetone (10 min each). The bottom slide is rendered hydrophobic
by coating it with a thin layer of polystyrene (100 kDa), using a sputter coater with a 1% solution
in toluene. The layer is then hardened by incubation at 150 for 1 hour. The assembly is
done by placing the Parafilm between the glass slides, to seal the flow cell it is heated on a
hot plate (≈ 100). A cotton swab is used to remove any bubbles and to pressure all parts
together. Prior to use, the flow cells need to be functionalized so that the DNA molecules will
bind to the bottom glass surface. Anti-digoxygenin antibodies (Roche; 50µg/ml in PBS) are
incubated in the flow cell O/N at 4 and then washed out by BSA (10 mg/ml, New England
Biolabs) which is used for blocking (against unspecific binding), O/N at 4. After mounting
in the magnetic tweezers, the flow cells are rinsed with PBS or TE and 0.1 mg/ml BSA.
6.3.2 Functionalization of flow cells
The trapping of DNA molecules in the magnetic tweezers is possible due to their specific binding
via one labelled extremity to the bottom cover slip of the flow cell. Anti-digoxygenin antibodies
(30µl, 50µg/ml in PBS) are applied into the flow cell and incubated over night. Antibodies
are then flushed out by 100µl BSA (10 mg/ml, New England Biolabs) and left to unspecifically
block the surface O/N. The BSA is then removed by flushing the flow cell using 2 ml ofPBS.
6.3.3 Magnetic tweezers and rotor bead measurements
Magnetic tweezers experiments were carried out as previously described (150). Briefly, the
digoxygenin-modified end of the DNA construct was bound to the anti-digoxygenin antibodies
coated glass surface of a flow cell. At the fluorescein-modified DNA end an anti-fluorescein
antibody coated magnetic bead was bound. A pair of external magnets was used to apply force
onto the bead and to stretch the DNA. The bead position was determined from video images
using 3D particle tracking (150). For fluorescence measurements the setup was additionally
100
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equipped with a Sapphire 488-50 laser (Coherent Inc., Santa Clara, CA, USA) and a DU897-
COO-BV EMCCD camera (Andor Technology plc., Belfast, UK).
6.3.4 Force calibration
Different beads allowed to exert different forces due to the variability in ferrite content between
magnetic beads. This meant that a force calibration had to be performed for each measured
molecule. The standard calibration involves recording the extension of the tethered molecules
over a range of vertical magnet positions. For each distance the strength of the force exerted by
the magnetic field is estimated from the fluctuations of the bead. The data is then fitted by a
function which describes the decay of the magnetic field and takes in account the effect of gravity
on the dense beads. The fit outputs the maximal force achievable at 0 mm magnet position F0
but also the slope of the decay of the magnetic field d and residual force at infinite distance Foff.
For all molecules slope and residual force where the same, within error. The only parameter that
varied was the maximal force and it varied between ≈35 and 80 pN. Therefore for all molecules
examined it was sufficient to determine the force at a single magnet position to then compute
F0. Knowing the maximal force it was possible to calculate the force at which event occurred
knowing the corresponding magnet position. This was of particular importance given that the
exertion of high tensile force on the nucleosomal arrays often led to their detachment from the
glass surface, determining the premature end of the experiment. The ability to determine the
force parameters from a single magnet position made it possible to have reliable force data for
all molecules, even those that didn’t remain tethered till the end of the tension iterations.
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